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Challenges encountered in pathogen identification and detection include the genetic 
heterogeneity of strains within species of some foodborne pathogens, isolation of injured 
cells, mixed strains or mixed species contamination of foods, and differentiation between 
viable and dead cells. The first objective of this research was to evaluate an isolation 
medium that was based on time-delayed release (5 to 6 h) of selective agents in tablet 
format to a modified Listeria recovery enrichment broth (mLRB) medium for enhanced 
and rapid recovery of injured Listeria. The second objective involved the use of Fourier 
transform infrared (FT-IR) spectroscopy and chemometric analysis for the differentiation 
of: Listeria monocytogenes epidemic clones (ECs); viable versus heat-killed populations; 
different mixed strains and mixed species of Listeria; and different injury treatments and 
repair in Listeria populations. Nitrite- or acid-injured Listeria at approximately 10 
CFU/ml were recovered in mLRB medium, and cell populations enumerated at various 
times (12 to 48 h) of incubation at 37oC. Analysis of variance revealed that acid-injured 
Listeria populations in mLRBS6 (mLRB plus the selective agents at 6 h) were 
significantly higher (P < 0.05) than those in mLRBS0 (mLRB plus the selective agents at 
0 h) at 24 h; however, the differences in populations on these two media were not 
significant for nitrite-injured Listeria. Cell populations of four strains of Listeria 
recovered in mLRBTD (mLRB plus the time-delayed release tablets of the selective 
agents) were significantly higher than when those strains were enriched in the U.S. Food 
and Drug Administration (FDA), International Organization for Standardization (ISO), 
and U.S. Department of Agriculture (USDA) broths at 24 h. Comparison between 
artificially contaminated milk and meat samples with a four-strain cocktail of Listeria  
resulted in cell populations that were significantly higher (P < 0.05) on mLRBTD for 
contaminated meat than on mLRBTD for contaminated milk at 24 h. FT-IR spectroscopy 
in the mid-infrared region (4000 to 600 cm-1) and chemometrics was successfully applied 
to discriminate L. monocytogenes strains belonging to the same EC (ECII or ECIV) 
(100% accurate spectral classification), intact and heat-killed populations of each EC 
strain (100% accurate spectral classification), and spectral wavenumbers 1650 to 1390 
cm-1 were used to differentiate heat-killed from intact populations. FT-IR spectroscopy 
and chemometrics in the wavelength region 1800 to 900 cm-1 could successfully 
discriminate different mixed strains of L. monocytogenes (98.15% accurate spectral 
classification) and different mixed species of L. monocytogenes and L. innocua (92.06% 
accurate spectral classification) from individual strains; Wavelength range 1800 to 900 
cm-1 was successfully used to discriminate between intact, acid-injured, and heat-injured 
Listeria, with repaired cells from acid and heat treatments clustering closer to intact cells 
(93.33% of spectra accurately classified). Delayed-addition of selective agents to broth 
medium improves recovery of injured Listeria by allowing repair time, could minimize 
contamination through manual addition of selective agents, and saves analyst time; FT-IR 
spectroscopy is a highly discriminatory and reproducible technique that can be used for 
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Chapter 1: Comprehensive Literature Review 
Introduction 
In 2005 alone, 1.8 million people died from diarrhea as a result of contamination of food 
and drinking water (WHO 2007a). Although food safety standards have improved 
overall, there are still foodborne outbreaks due to microbial, chemicals, and toxins 
contamination of food in many countries around the world (WHO 2007b). The Centers 
for Disease Control and Prevention (CDC) estimate that each year 31 major pathogens 
are responsible for 9.4 million episodes of foodborne illness, 55,961 hospitalizations and 
1,351 deaths in the United States of America (Scallan 2011). Available data from the 
European Food Safety Authority (EFSA) indicates that food of non-animal origin, mainly 
comprised of processed and non-processed fresh produce, was responsible for 10% of the 
total foodborne outbreaks, 26% of cases, 35% of hospitalizations, and 46% of deaths 
between 2007 and 2011 in Europe (Cerroni and others 2010). Consumption of fresh 
produce or minimally-processed food has increased, resulting in greater export of 
volumes of foods which increases the risk of contamination because of transportation and 
prolonged storage (Lynch and others 2009).  
The overwhelming number of foodborne outbreaks has prompted responses from many 
regulatory agencies to protect consumer health, and in November of 2007, the United 
States Food and Drug Administration (FDA) developed a comprehensive ‘Food 
Protection Plan,’ where food was considered a potential medium for intentional 
contamination (FDA 2007). It became apparent that terrorists could launch an attack 
through intentional contamination of food to cause illness and death to humans and 
animals, which may result in economic losses. The United States Food Safety 
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Modernization Act (FSMA) [Public Law 111-353] is another indispensable and far-
reaching updated law enacted by the Senate and the House of Representatives of the 
United States of America in Congress and signed into law by President Barack Obama to 
amend the Federal Food, Drug, and Cosmetic Act with respect to the safety of food 
supply. The European Union legislation on microbiological criteria for foodstuffs makes 
it clear that foodstuffs should not contain microorganisms or their toxins or metabolites in 
quantities that present an unacceptable risk to human health (Commission 2005). The 
World Health Assembly (WHA) has instituted a global surveillance system for public 
health emergencies of international concern by implementing the International Health 
Regulations (IHR) on 23 May 2005, which came into effect on 15 June, 2007 (WHO 
2005). 
Some foodborne illnesses are well-recognized, but are considered emerging because they 
have become more ubiquitous. Various foodborne pathogens have been identified for 
foodborne illnesses, but Salmonella enterica, Staphylococcus aureus, Escherichia coli 
O157:H7, Listeria monocytogenes, Clostridium spp., Shigella spp., and Yersinia spp. 
were responsible for 42% of the total outbreaks between 2007 and 2011 in the European 
Union (Cerroni and others 2010). These seven foodborne pathogens were responsible for 
several major outbreaks linked with fresh produce between 2006 and 2010 in the United 
States of America ((CDC) 2013). A number of methodical practices, such as good 
agricultural practices, good manufacturing practices, and hazard analysis and critical 
control points (HACCP) (Taylor 2007), have been relied on to mitigate contamination of 
foods by pathogenic microorganisms.  
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More recently, errors and delays in the detection of the source of an outbreak contributed 
to a major outbreak involving E. coli O104:H4 in Europe (WHO 2011). The role of 
pathogen detection techniques is vital for identification to enable timely response and 
intervention to remove the source of the outbreak. Screening practices based on 
microbiological testing formerly applied to only finished products has been replaced by 
modern surveillance systems aimed at minimizing contamination of foods beginning 
from farms along the food supply chain  to consumers (Forsythe 2010). The rest of this 
work shall focus on rapid isolation, identification, and differentiation strategies for 
foodborne microorganisms with L. monocytogenes as the model pathogen. 
Listeria monocytogenes 
 
Genus Listeria   
The genus Listeria belongs to the Clostridium sub-branch of Gram positive bacteria 
because of the low G + C content (38%) of its genome (Buchrieser and others 2003). 
Listeria is a bacillus–shaped (width of about 0.5 µm, and length of about 2 µm), 
nonspore-forming, catalase-positive, and facultative anaerobic bacterium (Wong 2004). 
The cells are mostly single and motile at 20 to 25 oC by means of peritrichous flagella, 
which are absent at its optimum growth temperature of 30 to 37 oC (Holt 1994). The 
genus Listeria consists of several species including L. monocytogenes, L. innocua, L. 
welshimeri, L. seeligeri, L. ivanovii and L. grayi, and L. marthii and L. rocourtiae are two 
newly identified species that were reported in 2009 (Leclercq and others 2010; Graves 
and others 2010). In a recent study,18 Listeria-like isolates obtained from sampling of 
agricultural and natural environments in two U.S. states (Colorado and Florida) that could 
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not be identified as previously described species using traditional methods have been 
declared new species of Listeria (den Bakker and others 2014). Based on whole genome 
sequencing and traditional phenotypic analysis five new species, each with a genome-
wide average blast nucleotide identity of less than 85% to currently described species, 
were identified. Phylogenetic analysis based on 16S rDNA sequences and amino acid 
sequences of 31 conserved loci revealed the existence of four well-supported 
monophyletic clades within the genus Listeria: (i) a first clade named Listeria sensu 
stricto consisting of L. monocytogenes, L. marthii, L. innocua, L. welshimeri, L. seeligeri 
and L. ivanovii, (ii) a second clade consisting of L. fleischmannii and two newly 
described species, L. aquatica sp. nov., and L. floridensis sp. nov., (iii) a third clade 
consisting of L. rocourtiae, L. weihenstephanensis, and three new species, L. cornellensis 
sp. nov., L. grandensis sp. nov., and L. riparia sp. nov., and (iv) a fourth clade containing 
L. grayi (den Bakker and others 2014). Only L. monocytogenes and L. ivanovii are 
pathogenic, with the former being both a human and animal pathogen while the latter is 
known to be mainly an animal pathogen (den Bakker and others 2014; Vazquez-Boland 
and others 2001a). 
Characteristics and illness 
L. monocytogenes is a facultatively pathogenic saprotroph and its habitats include soil, 
decaying vegetation, sewerage, sludge, and agricultural produce (Kerouanton and others 
2010). L. monocytogenes is a ubiquitous and versatile microorganism because of its 
ability to grow at extreme pH, wide temperature range (< 0 – 45oC), and tolerance to high 
salt concentrations (up to 20% (w/v) sodium chloride) (Gandhi and Chikindas 2007; 
Swaminathan and Gerner-Smidt 2007). The ubiquitous nature of L. monocytogenes is 
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probably due to its possession of an extensive regulatory repertoire (7 % of Listeria genes 
encode regulatory proteins) (Milohanic and others 2003) that enables it to metabolically 
adapt (Gandhi and Chikindas 2007) and colonize diverse niches. L. monocytogenes has 
the ability to form biofilms on different surfaces, which enables it to disseminate and 
persist in the environment (Gandhi and Chikindas 2007; Jordan and others 2008).  
The disease caused by L. monocytogenes, known as listeriosis, was first described in 
1926 by Murray and colleagues when it was observed to infect ruminants, while the first 
case of human listeriosis was reported in 1929 (Shank 1996). The emergence of L. 
monocytogenes as a major etiologic agent of foodborne disease was first documented in 
1981, and since then outbreaks of listeriosis have been associated with the consumption 
of contaminated foods, such as soft cheese, dairy products, poultry, pork, hot dogs, meat, 
smoked fish, vegetables, seafood (Donnelly 2001; Alessandria and others 2010; 
Petruzzelli and others 2010) and ready-to-eat refrigerated foods that do not require 
heating prior to consumption (Jydegaard and others 2000).  
L. monocytogenes is a foodborne pathogen (Mead and others 1999; Swaminathan and 
Gerner-Smidt 2007) that causes listeriosis, an opportunistic infection that occurs in 
immunosuppressed individuals, such as HIV patients, the elderly, infants and pregnant 
women (Schlech 2000). Listeriosis involves the intracellular invasion of host cells by L. 
monocytogenes, and is associated with more-severe clinical symptoms, such as 
encephalitis, meningitis, septicemia, and spontaneous abortion in pregnant women 
(Schlech 2000). A milder type of L. monocytogenes infection is known to occur in 
healthy individuals with clinical manifestations including flu-like symptoms, 
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gastroenteritis, ocular, and cutaneous listeriosis (McLauchlin and others 2004; Drevets 
and Bronze 2008). The overall annual prevalence of human listeriosis varies from 0.2 to 
1.0 cases per 100,000 individuals in Europe and the United States (Vazquez-Boland and 
others 2001b; Goulet and others 2008), with associated case fatality rate of 20 to 30% 
(Swaminathan and Gerner-Smidt 2007). Listeriosis is associated with a high 
hospitalization rate (91%) among foodborne outbreaks and most cases come with long-
term sequelae (Jemmi and Stephan 2006), and it is second to salmonellosis as the most 
frequent cause of foodborne infection-related deaths in Europe and the United States 
(Allerberger and Wagner 2010). 
The prevention of L. monocytogenes contamination of foods appears complicated 
because the pathogen demonstrates intrinsic physiological resistance to a myriad of 
environmental stresses, is ubiquitous and persistent in food processing plants and retail 
outlets for long time, and has the ability to grow within a wide temperature range 
(Swaminathan and Gerner-Smidt 2007). L. monocytogenes is the third leading cause of 
foodborne bacterial-related deaths (19%) behind non-typhoidal Salmonella spp. (28%) 
and Toxoplasma gondii (24%) in the United States (Scallan 2011). Most listeriosis cases 
are sporadic in nature (Sauders and others 2003) and the pathogen demonstrates longer 
incubation periods in hosts for periods up to 70 days (Wiedmann 2002). Infection of 
hosts by L. monocytogenes occurs through ingestion of foods contaminated with the 
pathogen, passage and survival of the pathogen in the stomach and intestines, and 
crossing of the intestinal barrier. The pathogen is then transported to the spleen, liver, and 
other organs for colonization, but macrophages mount up immune attack against the 
pathogen and, in the process, a vast number of cells of the pathogen are removed from the 
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body (Vazquez-Boland and others 2001b). There is elimination of the pathogen from 
healthy individuals, whereas there is unrestricted proliferation in the liver in 2 to 5 days 
(Vazquez-Boland and others 2001b), followed by the release of the pathogen into the 
circulatory system in immunocompromised persons. Subsequently, the pathogen invades 
uterine content leading to spontaneous abortion in pregnant women, or the central 
nervous system leading to meningo-encephalitis (McLauchlin and others 2004) in 
immunocompromised persons.  
Subtyping techniques 
Outbreak of listeriosis could occur in multiple locations at the same time, prompting 
epidemiological investigations which involve comparison of clinical isolates of L. 
monocytogenes from infected individuals at different locations and isolates from potential 
sources of the outbreak. Subtyping methods have assisted epidemiologists in 
understanding virulent and ecological characteristics of different strains of foodborne 
pathogens which pose threat to public health (Wiedmann 2002). Standardized and 
reliable subtyping techniques (Nadon and others 2001) are essential for timely tracing of 
sources of outbreaks so that they can be removed to stop further occurrence (Wiedmann 
2002), and allow for the development of control strategies (Palumbo and others 2003). 
Some subtyping techniques are based on phenotypic characteristics (conventional 
methods), but genotypic-based methods are much preferred because they have been 
shown to be highly sensitive, reproducible, and target certain specific genetic markers 
(Sauders and others 2003).  
Phenotypic subtyping techniques 
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Serotyping was the first discriminatory subtyping technique developed following the 
isolation of L. monocytogenes from rabbits and guinea pigs, with thirteen (13) serotypes 
of the organism currently known: 1/2a, 1/2b, 1/2c, 3a, 3b,3c, 4a, 4ab, 4b, 4c,4d, 4e, and 7 
(Ryser 1999). There are sixteen (16) serovars identified within the genus Listeria (Jersek 
and others 1996). The majority of L. monocytogenes isolates from contaminated foods 
and human listeriosis cases belong to serotypes 1/2a, 1/2b, 1/2c and 4b (Doumith and 
others 2004a; McLauchlin and others 2004). The slide agglutination method of 
serotyping, which is based on an agglutination reaction involving the somatic (O) and 
flagella (H) antigens with various mono- and/or polyvalent antisera, is mostly used but 
there are drawbacks such as expensive cost of antisera, low reproducibility, and 
challenges of assigning some strains to a specific serotype because of shared antigens 
between closely related strains (Doumith and others 2004a). Misidentification of strains 
of the other Listeria species as L. monocytogenes is highly likely because L. 
monocytogenes shares certain serotypes with L. seeligeri (Liu 2006), with the L. seeligeri 
serotypes considered to have allegedly diversified from a pathogenic ancestor 
(Revazishvili and others 2004). Serotyping based on enzyme-linked immunosorbent 
assays (ELISA) and multiplex PCR assays have been developed (Borucki and Call 2003; 
Doumith and others 2004b) for L. monocytogenes, but these methods were found to be 
time consuming or failed to discriminate between certain serotypes.  
Phage typing is another phenotypic subtyping method which is based on the 
susceptibility or resistance of L. monocytogenes isolates to lysis by a defined set 
(International set) of bacteriophages. The L. monocytogenes strains can be grouped into 
phagovars or phage groups based on their specific interaction with the bacteriophages, 
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but phage typing has limited application since many L. monocytogenes serotype 1/2 
strains, which are ubiquitously isolated from foods or food processing environments, are 
untypeable by this method (Capita and others 2002; Graves 2007). Another drawback of 
the phage typing method is that using the international set of bacteriophages is affected 
by the geographic source of L. monocytogenes strains (Ralovich and others 1983; 
Selander and others 1986).  
Multilocus enzyme electrophoresis (MLEE) is another conventional subtyping 
technique and it is based on differences in electrophoretic mobility of certain enzymes 
exhibiting differences in their amino acid compositions in bacteria (Sauders and others 
2003). The procedure involves enzyme extracts preparation through separation from 
lysed cells using starch gel electrophoresis, followed by pulsed-field gel electrophoresis 
(PFGE) or isoelectric focusing with specific enzyme stains (Selander and others 1986). 
MLEE was used to group 305 different isolates of L. monocytogenes into 78 
electrophoretic types (Graves and others 1994), while another study revealed that this 
technique clusters L. monocytogenes into two broad divisions like molecular genetic 
subtyping techniques such as ribotyping and pulsed-field gel electrophoresis (Nadon and 
others 2001). However, reproducibility of data generated using MLEE has been shown to 
be inconsistent (Wiedmann 2002), and the technique shows poor discriminatory power 
compared to molecular genetic subtyping methods (Sauders and others 2003).  
Genotypic-based subtyping techniques 
Restriction enzyme-based techniques 
Ribotyping is a restriction fragment length polymorphism (RFLP) method that is based 
on the identification of presence of polymorphisms in the ribosomal RNA (rRNA) gene. 
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Ribotyping involves the initial digestion of genomic DNA followed by Southern blotting 
with a specific probe that hybridizes to the fragment that contains the rRNA gene, 
restriction digestion of the rRNA gene (highly conserved) using frequently cutting 
restriction enzymes (Wiedmann 2002) to generate many restriction fragments, and 
electrophoresis to obtain a ribopattern. Ribotyping has been used for lineage-specific 
clustering (Wiedmann and others 1997), and discrimination of isolates from food and 
clinical origin (Jaradat and others 2002). An automated system of ribotyping (RiboPrinter 
by Qualicon, Inc.) which utilizes one or two restriction enzymes (EcoRI and/or PvuII) to 
digest DNA and the resulting ribopattern compared to already existing ribotype library 
(Sauders and others 2003) has been used extensively for microbial source tracking and 
investigations involving persistent strains in some processing plants (Kabuki and others 
2004). Although ribotyping is an automated and a highly reproducible technique, it is not 
capable of discriminating between isolates of serotypes 1/2b and 4b (Graves 2007), and 
inter-laboratory variations in gel patterns have been reported (de Cesare and others 
2007a).  
Pulsed-field gel electrophoresis (PFGE) is also a RFLP method, but unlike ribotyping it 
is based on using a restriction enzyme that cuts less frequently (8 to 25 fragments) for 
digestion of genomic DNA. The restriction enzymes combination AscI and ApaI is used 
for L. monocytogenes typing (Wiedmann 2002), with agarose plugs used as sites for 
genomic DNA digestion. The restriction pattern obtained is compared for isolates to be 
grouped into pulsotypes. PFGE is considered the gold standard method for 
epidemiological typing of isolates from foodborne outbreaks (Whittam 2007; Jiang and 
others 2008). The Centers for Disease Control and Prevention (CDC) of the United States 
 11 
 
has developed the PulseNet (www.cdc.gov/pulsenet/), a network used to catalogue PFGE 
patterns of foodborne pathogens from public health agencies during outbreaks (Lorber 
2007). PFGE was used to establish two genetic divisions in L. monocytogenes isolates, 
with division one further clustering into two groups, 1A (serotypes 2c and 3c) and 1B 
(serotypes 1/2a and 3a), and division two also clustering into two groups, IIA (serotypes 
1/2b and 3b) and IIB (serotypes 4b, 4d and 4e) (Kerouanton and others 2010). Although 
PFGE can be standardized and is capable of discriminating between isolates of serotype 
4b, inter-laboratory differences could arise because of variations in experimental 
conditions, and the method requires an expensive instrument, highly skilled labor, and the 
time-to-results is very long (Murphy and others 2007; Yang and others 2007). 
Polymerase chain reaction (PCR) subtyping methods 
 
Random amplified polymorphic DNA (RAPD) is a PCR-based subtyping method that 
involves randomly targeting genomic DNA with an arbitrary single primer sequence to 
generate a genetic profile. Low annealing and amplification temperatures are used to 
enable mismatches in the binding of the primer sequence to the DNA template 
(Jeyaletchumi 2010), and gel profile of the DNA fragments is obtained. Polymorphisms 
between gel profiles of isolates are due to mutation, deletion or insertion of genetic 
elements at the primer binding sites (Tyler and others 1997). RAPD was capable of 
discriminating between L. monocytogenes isolates belonging to the same serovar or from 
the same source (Aurora 2009). Typing of L. monocytogenes isolates using RAPD 
revealed that genetic profiles for isolates from beef obtained from USA and Korea were 
analogous, while isolates from pork obtained from Korea and Denmark also shared a 
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similar RAPD profile (Byun and others 2001). Although RAPD is an inexpensive and a 
rapid method, it has low discriminatory power and low reproducibility because of the low 
annealing temperature (~ 37 oC) used for primer sequence and genomic DNA template 
binding (Jydegaard and others 2000; Jeyaletchumi 2010).  
The REP and ERIC elements-based subtyping is another PCR-based technique that 
identifies REP and ERIC repeats, which are imperfect palindromic sequences in genomic 
DNA that can form stem and loop structures (Treangen and others 2009). The REP 
palindromic sequences (21-65 bp) are located in the extragenic regions of the genome, 
either in direct or reverse orientation (Roth 2005), whereas ERIC sequences (69-127 bp) 
are very conserved inverted repeats (Treangen and others 2009) sometimes located in 
intergenic regions of the genomic DNA (Wilson and Sharp 2006). Repetitive elements-
based PCR may mimic RAPD-PCR if the primer binds to arbitrary sequences in the 
genome at low annealing temperature (40 – 50 oC) other than repetitive palindromic 
sequences at different locations, the primer binding sites targeted for REP and ERIC 
elements-based PCR in the genomic DNA (Tyler and others 1997).  REP and ERIC 
elements-based PCR has been used to type L. monocytogenes and the isolates clustered 
into four different groups based on sources of isolation with differentiation between 
serotypes 1/2a, 1/2b, and 4b achieved (Jersek and others 1996). A single primer can be 
used for REP and ERIC elements-based PCR, whereas RAPD requires species-specific 
primers (Harvey 2004). An automated version of REP elements-based PCR (Agilent 
2100 Bioanalyzer with a microfluidic chip) has been developed and used to cluster 
isolates (Van Kessel and others 2005), but drawbacks associated with this technique 
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include challenges with inter-laboratory reproducibility and difficulty of standardizing 
the method. 
Restriction enzyme and PCR-based subtyping 
 
Amplified fragment length polymorphism (AFLP) is based on the digestion of 
genomic DNA using two restriction enzymes, ligation of double stranded adaptors having 
complementary sequence to the restriction site of the generated fragments on 
denaturation polyacrylamide gels, followed by PCR amplification of the fragments, and 
capillary electrophoresis with an automatic sequencer for accurate sizing (Graves 2007; 
Parisi and others 2010).  A study involving typing of L. monocytogenes isolates from 
food and environmental sources revealed that AFLPI based on BamHI and EcoRI 
combination could not type all strains, but AFLPII based on HindIII and Hhal 
combinations was capable of typing all strains and was comparable with PFGE 
(Lomonaco and others 2011). Although AFLP is sensitive, reproducible, could be 
automated, and provide evolutionary insight into the history of the organism, it is time 
consuming and an expensive technique because of the addition of adaptors (Parisi and 
others 2010; Lomonaco and others 2011). Restriction endonuclease analysis and PCR-
restriction length fragment polymorphism (RLFP) are other subtyping methods that have 
been used for L. monocytogenes typing (Waak and others 2002; Kabuki and others 2004).  
DNA sequencing-based subtyping 
Multilocus sequence typing (MLST) involves PCR amplification followed by 
automated sequencing of house-keeping genes considered to have diversified at seven 
different loci in the genome to identify nucleotide polymorphisms (Parisi and others 
 14 
 
2010). Multi-virulence-locus sequence typing (MVLST) is based on polymorphisms in 
nucleotide sequences of virulence and virulence-associated genes among isolates 
(Whittam 2007). L. monocytogenes epidemic clones (ECs) have been defined based on 
MVLST (Knabel and others 2012), which is based on an analysis of six to eight virulence 
and their flanking genes (Chen and others 2005). A study using MLST resulted in eight 
sequence types (STs) for outbreak strains, where four STs were found to be involved in 
multiple outbreaks of listeriosis (den Bakker and others 2010). The study revealed that 
ST1 and ST93 correlated with the ECI epidemic clone, ST29 correlated with the ECIa, 
and ST17, which corresponded with two outbreak isolates linked with hotdogs and deli 
meat outbreaks in 1998 and a sliced deli meat outbreak in 2000 in the United States, 
correlated with the ECII. However, the phylogenetic relationships between ECI, ECII and 
ECIa epidemic clones could not be established. MLST is one of the most accurate 
techniques that allows easy inter-laboratory exchange of sequence data (Moorman 2010), 
and it also allows phylogenetic analysis (Graves 2007). However, it is a more expensive 
method that is less capable of discriminating between serotype 4b isolates, and the gene 
loci selected could affect the discriminatory index (Chen and others 2007; Moorman 
2010). 
Multilocus variable number of tandem repeat analysis (MLVA) is based on the 
detection of differences in the number of tandem repeats at a particular locus in the 
genome of an organism (Murphy and others 2007). Loci containing the highest allelic 
variations are selected using software programs, such as Tandem Repeat Finder, followed 
by PCR amplification of the repeat sequences (Miya and others 2008). The PCR products 
for each sequence can be separated on agarose gels followed by sizing of fragments using 
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sequencing or gel electrophoresis. MLVA has been used to type L. monocytogenes 
(Murphy and others 2007; Sperry and others 2008), and recently, application of the 
method to type L. monocytogenes isolates in a cold smoked salmon plant revealed that 
strains obtained at each site of the plant clustered together (Dass 2010). The MLVA 
method has been used to directly type L. monocytogenes from spiked and enriched food 
samples using capillary gel electrophoresis with labelled primers following full 
enrichment of inoculum levels of 1-5 CFU/25 g of food (Chen and others 2011).  
Next generation sequencing typing (NGST) is the most promising technology for L. 
monocytogenes subtyping and is based on the use of restriction enzymes, PCR, and 
DNA-sequencing (Jadhav and others 2012). Molecular epidemiology is more concerned 
with discriminatory power than rapidity or speed of subtyping, with the PFGE considered 
the gold standard method for subtyping isolates of foodborne pathogens because of its 
ability to detect genetic mutations and presence of transposable elements in genomic 
DNA (Lorber 2007) although it is a labor-intensive and a time-consuming technique 
(Murphy and others 2007). Conventional serotyping depends on the production of high 
quality antisera or antibodies, which is not only expensive and time consuming but also 
skilled labor is required to detect agglutination reactions (Palumbo and others 2003). 
Phage typing is available only at reference centers and is labor-intensive (Graves 2007), 
whereas MLEE is less discriminative compared to genetic subtyping methods (Sauders 
and others 2003), labor-intensive (Graves 2007), and shows lack of inter-laboratory 
reproducibility (Wiedmann 2002). Most DNA-based subtyping techniques have the 
advantage of being automated and possess higher discriminatory power, higher 
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reproducibility (Graves 2007), and are more sensitive, more specific, and can be easily 
standardized (Jadhav and others 2012). 
Multi-virulence-locus sequence typing (MVLST), which is based on nucleotide 
sequencing of virulence and their associated or flanking genes (Whittam 2007), has shed 
more light on the reasons why some L. monocytogenes strains exhibit extreme-virulence 
while others show attenuated-invasion efficiency and attenuated-virulence phenotypes 
(Chen and others 2007). The MVLST technique has led to the discovery of two different 
types of mutations or polymorphisms in the prfA virulence gene cluster (Velge and others 
2007), and 18 polymorphic premature stop codon mutations in the inlA (internalin A 
encoding gene) (Van Stelten and others 2010) in some virulence-attenuated isolates of L. 
monocytogenes. The MLVA technique is simple, rapid, reliable, less expensive, and 
applicable to other different microorganisms (Sperry and others 2008).  
There is a gradual shift towards DNA sequencing-based subtyping with many next 
generation sequencing typing (NGST) platforms being developed. The main advantage of 
all the next generation sequence typing (NGST) methods is that their throughput is far 
greater than that of classical sequencing, with the most recent sequencing machines 
capable of running a throughput of  > 100 Gbp as compared with the 70 - 100 kbp 
capacity of the first automated sequencing machines (Metzker 2010).  Other advantages 
are the initial labor-intensive cloning work is eliminated in most recent technologies 
through direct sequencing of single DNA molecules in order to further reduce 
representation bias in template libraries, reaction volumes are reduced, and continuous 
improvement in technologies in the last decade has resulted in a reduction of sequencing 
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costs (Editorial 2010). High-throughput sequencing typing is faster because it has the 
potential to be culture-independent, and has higher specificity, sensitivity, and 
reproducibility (Cronquist and others 2012).  
High-throughput genomic sequencing methods possess a higher discriminatory power 
than any other known technique (Pallen and others 2010) because they can pinpoint 
single nucleotide polymorphisms (SNPs) or mutations in the genomes of two or more 
related clones (Nadon and others 2001; Lewis 2010). High-throughput sequencing typing 
can be applied to microorganisms grown on culture to obtain a transcriptome of a 
pathogen (Sorek and Cossart 2010) to assist in our understanding of virulence and 
behavioral adaptations in a particular microorganism. High-throughput sequencing typing 
has been applied to develop a diagnostic immunoassay that targets Parachlamydia 
acanthamoebae based on the knowledge of a transcript that codes for an immunogenic 
protein (Greub and others 2009). High-throughput sequencing was used to study short 
and long-term evolutionary changes in the genome of Clostridium difficile isolates (He 
and others 2010), whereas another study involving 16S rRNA sequencing was used to 
obtain the microbial community profile of the human gut after antimicrobial 
administration (Huse and others 2008).  High-throughput sequencing has been applied to 
study the metagenomics of human microbiome (Human Microbiome Jumpstart Reference 
Strains and others 2010), to discover pathogens (Cornman and others 2009), and for 




However, limitations associated with NGST are that sequencing machines are expensive, 
short reads sequences are produced making fragment databases essential, there may be 
sequencing errors with sequencing platforms (The Sanger method considered to be the 
gold standard with highest accuracy because of the high fidelity of Escherichia coli DNA 
polymerase while errors are found to occur with the 454 and the SOLiD method even 
though each base is double-checked), decays in the fluorescent signal which may lead to 
higher error rate at the end of the sequence which becomes an important issue when the 
goal of sequencing is precisely to detect rare variants within a gene or a genome 
(Deschamps 2010; Bansal and others 2010) . 
Evolutionary lineages and epidemic clones (ECs)  
Phylogenetic and subtyping analysis of L. monocytogenes isolates reveal a clustering of 
different populations of the organism into a well-structured, evolutionary-divergent 
lineages (den Bakker and others 2008; Ragon and others 2008; Ward and others 2008). 
The assignment of L. monocytogenes isolates to different lineages was based on analysis 
using both phenotypic and genotypic subtyping methods (Nadon and others 2001; Fugett 
and others 2006). The discovery of L. monocytogenes lineages I and II was first made 
through an investigation using multilocus enzyme electrophoresis (MLEE) (Piffaretti and 
others 1989; Bibb and others 1989). Subsequently, other studies using restriction 
fragment length polymorphism (Vines and others 1992), restriction endonuclease 
digestion profile (REDP), and PFGE (Brosch and others 1994) all identified two L. 
monocytogenes genomic divisions. The existence of a third lineage was established 
through partial sequence data of the genes encoding flagellin (flaA), listeriolysin (hly), 
p60 (iap), and 23S rDNA (Rasmussen and others 1995). Further studies based on the 
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combination of EcoRI ribotyping and partial sequence data analysis of the actA gene (a 
virulence gene encoding a protein responsible for actin polymerization) (Wiedmann and 
others 1997), as well as a study by Nadon and colleagues (Nadon and others 2001) that 
showed concordance between serotyping, ribotyping, and lineage assignment 
corroborated the existence of three L. monocytogenes lineages. An investigation of 
lineage III isolates involving partial DNA sequence data of sigB (a gene encoding a stress 
response factor) and actA resulted in 3 subgroups, with two of the subgroups (IIIA and 
IIIC) clustering into a monophyletic group while the remaining group (IIIB) clustered 
separately (Roberts and Wiedmann 2006). Other DNA sequence studies have revealed 
that L. monocytogenes isolates cluster into at least four genetic lineages (den Bakker and 
others 2008; Orsi and others 2008b) with the previously designated lineage IIIB now 
called lineage IV (Ward and others 2008). Although the designations used to describe 
lineages I and II are universally accepted, the designations lineages III and IV have not 
been consistently used in the literature and could cause confusion. 
L. monocytogenes lineage I, first described based on MLEE by Piffaretti and colleagues 
(Piffaretti and others 1989), consists of isolates that belong to serotypes 1/2b, 3b, 3c, and 
4b. Lineage II, also first described based on MLEE (Piffaretti and others 1989), contains 
isolates belonging to serotypes 1/2a, 1/2c, and 3a. Lineage III consists of isolates that 
belong to serotypes 4a, 4b, and 4c (Rasmussen and others 1995), whereas lineage IV also 
contains isolates that belong to serotype 4a, 4b, and 4c (Roberts and Wiedmann 2006; 
Ward and others 2008). Human clinical listeriosis infections are predominantly caused by 
lineage I serotype 4b isolates, although 1/2b and lineage II serotype 1/2a isolates have 
caused some listeriosis outbreaks (McLauchlin and others 2004; Hong and others 2007). 
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Some studies have reported that lineage I strains are overrepresented among sporadic 
cases of human listeriosis (Kiss and others 2006; Hong and others 2007), while others 
have debunked the reported trend of association between lineages and human listeriosis 
on the basis that lineage II (serotype 1/2a) strains have mainly caused human listeriosis in 
certain parts of Europe (Lukinmaa and others 2003; Parihar and others 2008) while 
lineage I (serotype 4b) isolates have predominantly caused human listeriosis outbreaks in 
the United States (Jeffers and others 2001). Lineage I strains are rarely isolated from 
foods compared to human listeriosis cases (Gray and others 2004), and the reason behind 
this finding is explained in the hypothesis that lineage I strains, specifically isolates that 
belong to serotype 4b, demonstrate higher pathogenicity than lineage II isolates (Pinner 
and others 1992). 
Subtyping of L. monocytogenes strains implicated for distinct or multiple outbreaks of 
listeriosis in several geographic locations have been shown to be closely related and 
grouped into epidemic clones. L. monocytogenes epidemic clones (ECs) are currently 
defined using multi-virulence-locus sequence typing (MVLST) (Knabel and others 2012), 
which is based on an analysis of six to eight virulence and housekeeping genes (Chen and 
others 2005). L. monocytogenes ECI, ECII, and ECIV (sometimes referred to as ECIa) 
are lineage I strains which belong to serotype 4b and have caused multiple outbreaks 
(Kathariou 2002; Chen and others 2007), while ECIII contains lineage II isolates of 
serotype 1/2a (Kathariou 2002; Ragon and others 2008). A recent listeriosis outbreak 
linked to ready-to-eat meat products in Canada was caused by ECV isolates (Knabel and 
others 2012), whereas an investigation into the listeriosis outbreak in the United States in 
2011 linked to cantaloupe led to the identification of a novel serotype 1/2a outbreak strain 
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and two novel epidemic clones (Lomonaco and others 2013). A MLST analysis of 
isolates obtained post 1987 defined 22 clonal complexes (CCs) within L. monocytogenes 
with 7 CCs making up 73% of the 252 isolates from human listeriosis cases, where 5 out 
of the 7CCs were found to belong to lineage I (Ragon and others 2008). This finding 
further supports the association of lineage I strains with human clinical listeriosis cases.  
L. monocytogenes lineage II strains are often isolated from foods and food processing 
environments compared with lineage I (De Cesare and others 2007b; Chen and others 
2009; Lomonaco and others 2009). However, there have been reported cases of some 
lineage I isolates found to be associated with certain foods and food processing 
environments (Sauders and others 2009; Chen and others 2010). The hypothesis put 
forward to explain the ostensive overrepresentation of lineage II strains association with 
foods and food processing environments is that lineage II isolates possess an increased 
ability to adapt and persist in foods and food processing plant environments (Orsi and 
others 2011). Orsi and colleagues (Orsi and others 2008a) found a long-term (up to12 
years) persistence of one lineage II strain in a particular processing plant which 
contributed a large number of isolates, which might have affected lineage II 
representation in a study to assess food and environmental samples. The persistent 
lineage II serotype 1/2a strain that was found to have inhabited a particular processing 
plant for at least 12 years and have caused human listeriosis outbreak in 1998 was again 
implicated for a multistate outbreak linked to turkey deli meat produced from the same 
processing facility in 2000 (Olsen and others 2005). Another hypothesis put forward to 
explain the overrepresentation of lineage II isolates in foods and food processing plants is 
that lineage I isolates are frequently outcompeted by lineage II isolates when both are co-
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cultured in a selective enrichment medium (Bruhn and others 2005; Gorski and others 
2006). Lineage II is considered the most diverse lineage with the highest recombination 
rate (Orsi and others 2011), and has been found to be more resistant to bacteriocins than 
lineage I isolates (Buncic and others 2001), suggesting possible selective advantage for 
lineage II isolates. 
Lineage III strains are rarely isolated from foods and food processing environments, and 
although they have been isolated from human clinical listeriosis cases they have not been 
implicated in a human listeriosis outbreak (Gray and others 2006). Lineage III strains are 
frequently isolated from animals with clinical symptoms (Jeffers and others 2001), 
whereas lineage IV isolates, which are very rare, have been shown to have caused a 
listeriosis outbreak in goats (Wiedmann and others 1999). The consensus is that lineages 
III and IV isolates are adapted to non-primate mammalian hosts (Orsi and others 2011). 
There is comparable prevalence rate between lineages I and II isolates in animals, 
although some studies have reported higher rates for either lineage (Nightingale and 
others 2004; Zaytseva and others 2007).  
A number of genetic-based analyses with the intention of probing genome-wide 
differences among L. monocytogenes isolates (Borucki and others 2004; Doumith and 
others 2006) have revealed that strains of the organism have a highly syntenic genome 
(Hain and others 2007) with variations in gene content normally denoted by the 
presence/absence of genes associated with transport and the cell wall (Doumith and 
others 2004b). A comparative genome-wide analysis of two serotype 1/2a strains (EGD-e 
and F6854) and two serotype 1/2b strains (F2365 and H7858) revealed that the 4 strains 
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share a highly syntenic genome, with some genes found to be specific to each serotype 
(Nelson and others 2004). Further analyses of 2 completed and 18 draft genomes of L. 
monocytogenes isolates have revealed lineage-specific differences (Milillo and others 
2009). There are differences between teichoic acids of serotypes 1/2, 3, and 4b (Promadej 
and others 1999), and genes involved in stress response, such as sigC, lmo0421, and lstR 
encoding an alternative sigma factor (σc), a putative member of RodA-ftsW family, and a 
PadR-like protein (LtsR), respectively, and are all induced under heat shock stress (Zhang 
and others 2005), have been identified in lineage II isolates but not in lineage I isolates 
(Zhang and others 2003). Presence of extra chromosomal content or plasmids, which 
confer resistance to toxic metals such as cadmium (Lebrun and others 1992), has been 
frequently detected among lineage II serotype 1/2a isolates from foods and processing 
environments than among clinical isolates, while clinical isolates of serotype 1/2c often 
carry more plasmids than food isolates (McLauchlin and others 1997). It has been 
reported that serotype 1 isolates carried more plasmids than serotype 4 isolates 
(McLauchlin and others 1997). The major genes encoding virulence factors are found in 
all L. monocytogenes, although there are premature stop codons in some of the virulence 
genes of some strains, while a subset of strains belonging to lineage I carry a second gene 
that encodes another hemolysin called listeriolysin S (Cotter and others 2008). Overall, 
positive selection (Nightingale and others 2005b; Orsi and others 2008b; Dunn and others 
2009) and recombination (Dunn and others 2009; den Bakker and others 2008; Orsi and 
others 2008b) are deemed the main evolutionary forces that invoke adaptation and 
diversification in L. monocytogenes.  
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Pathogenicity and virulence  
More than 90% of human listeriosis cases are attributed to serotypes belonging to lineage 
I (1/2b and 4b) and lineage II (1/2a), with serotype 4b found to be responsible for most of 
the epidemic outbreaks of listeriosis (Kathariou 2002; Gray and others 2004).  Another 
report indicates that serotypes 4b, 1/2a, 1/2b, and 1/2c constitute about 98% of clinical 
isolates from humans (Jacquet and others 2002), whereas the other serotypes are 
commonly found in foods and animals and show limited ability to cause death in a mouse 
model even via intra-peritoneal inoculation (Liu and others 2003; Liu 2006). L. 
monocytogenes species consists of a broad-spectrum of strains which demonstrate 
variable virulence, with majority of lineage II strains found to be virulence-attenuated. 
Studies based on invasion assays in human intestinal epithelial cell line and other cell 
types have shown that mutations, polymorphisms, and/or presence of premature stop 
codons in some virulence genes are the cause of the reduced or lost virulence in some 
lineage II strains (Nightingale and others 2008; Van Stelten and others 2010). Phenotypic 
expression of virulence traits in lineage II strains is heterogeneous with probably > 30% 
of isolates demonstrating attenuated invasion efficiency (Nightingale and others 2005a). 
A study involving the use of  mathematical modeling predicted that lineage I isolates 
demonstrate more than 100 times risk of causing listeriosis compared to lineage II 
isolates (Chen and others 2006). It has been hypothesized that lineages III and IV strains 
may be virulence-attenuated since there is low incidence of listeriosis cases caused by 
these isolates (Wiedmann and others 1997). Another position that attempts to explain the 
virulence capacity of lineages III and IV isolates is that they are most likely 
underrepresented (Sauders and others 2004). Thus, some L. monocytogenes isolates 
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exhibit extreme virulence with a higher ability to cause illness and death, whereas others 
exhibit attenuated-virulence and are unable to establish an infection in a mammalian host 
(Liu and others 2003). The Listeria pathogenicity islands I (LIPI-1) or the prfA virulence 
gene cluster (pVGC) and the internalin encoding genes inlAB are the main virulence 
genes that are involved in the expression of virulence in L. monocytogenes (Vazquez-
Boland and others 2001a). A recently discovered third pathogenicity island (llsX gene) 
responsible for listeriolysin S (LLS) has been found in only a subset of lineage I isolates 
of L. monocytogenes (Cotter and others 2008).  
Listeria pathogenicity island 1 (LIPI-1): L. monocytogenes is a facultative intracellular 
pathogen with its life cycle in host cells controlled by six virulence factors whose genes 
are linked in a 9 kb chromosomal island (Vazquez-Boland and others 2001a). These six 
key L. monocytogenes virulence genes ( prfA, plcA, hly, mpl, actA, and plcB) necessary 
for intracellular life cycle, consisting of vacuolar escape and cell-to-cell spread, are 
located in a virulence gene island often called ‟the prfA virulence gene cluster (pVGC)’’ 
or the ‟Listeria pathogenicity island 1 (LIPI-1)’’ (Vazquez-Boland and others 2001a; 
Ward and others 2004). LIPI-1 consists of three transcriptional units and is located in a 
region flanked by the prs and ldh loci encoding the housekeeping enzymes 
phosphoribosyl-pyrophosphate synthase and lactate dehydrogenase, respectively 
(Vazquez-Boland and others 2001a). The LIPI-1 gene cluster is a three transcriptional 
unit with the hly gene situated in the center and upstream of it is found the prfA, plcA 
genes whilst the mpl, actA and plcB genes are located downstream of the hly gene. The 
mpl, actA and plcB transcription unit is 5.7 kb by size and is transcribed in the same 
direction as the hly gene. The actA gene encodes the cell-surface protein ActA, which is 
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an indispensable virulence factor responsible for actin-based motility and cell-to-cell 
spread (Lasa and others 1998). The functions of ActA are to mediate actin polymerization 
by recruiting actin monomers (Niebuhr and others 1997) and it is also required for 
internalization by host cells (Alvarez-Domínguez 1997) . The mpl gene encodes the MpI 
zinc-metalloenzyme, whereas the plcB gene codes for a zinc-dependent phospholipase C 
(PlcB), which acts on multiple substrates (Vazquez-Boland and others 2001b). The roles 
of PlcB, which is secreted as a pro-peptide and activated through extracellular processing 
by the MpI proteases, include collaborating with Hly (listeriolysin O) to mediate vacuolar 
escape through the disruption of primary vacuole formed after the bacteria is 
phagocytosed as well as destroying secondary phagosomes formed after cell-to-cell 
spread (Marquis and others 1995).  
Located upstream of the hly gene is the bicistronic gene plcA-prfA encoding a 
phosphatidylinositol-specific phospholipase C (PlcA), which functions synergistically 
with Hly and PlcB to destroy primary phagosomes (Smith and others 1995). The PrfA 
protein is responsible for the transcriptional activation and regulation of virulence in the 
LIPI-1 gene cluster (Goebel 2000). The PrfA protein is ultimately required for 
pathogenicity in L. monocytogenes and its activity is found to be modulated by 
environmental, stress, and growth-phase dependent factors, but a different finding has 
predicted a regulatory model involving allosteric activation by a low-molecular weight 
cofactor (Vega and others 1998). Thus, the activity of the PrfA depends on the amount of 
the cofactor sensed from the environment by the organism, which consequently leads to 
an increase in the synthesis of the PrfA protein and the up-regulation of the LIPI-1 gene 
cluster. There are two polymorphisms in the prfA gene that have been found in lineage II 
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isolates that suggest attenuated-virulence (Roche and others 2005; Velge and others 
2007). One of the polymorphisms was found in 3 serotype 1/2a isolates, and it involves 
an insertion of seven nucleotides resulting in a frame-shift mutation that leads to a 
premature stop codon in the prfA gene and consequently a truncated PrfA protein (Roche 
and others 2005). The second polymorphism has been seen in 12 serotype 1/2a isolates, 
and it is a non-synonymous substitution at codon 220, resulting in a mutated protein that 
has less recognition for the PrfA box in the promoter sequence of the gene activated by 
PrfA (Velge and others 2007). These two types of polymorphisms in serotype 1/2a 
(lineage II) confirm the occurrence of attenuated-virulence, since high concentrations of 
the PrfA protein results in activation and up-regulation of the LIPI-1 gene cluster. 
The hly gene is monocistronic and encodes a pore-forming toxin of the cholesterol-
dependent cytolysin (CDC) family called listeriolysin O (Hly) (Vazquez-Boland and 
others 2001a). L. monocytogenes phagocytized into host cells must be released from the 
phagosomal compartment into the cytosol, where replication takes place to ensure that 
cell-to-cell spread can occur. Using the bacterial cell-surface protein (ActA) that is 
anchored onto the cell membrane by a short transmembrane domain, the bacterium in the 
cytosol hijacks the host cell machinery for actin polymerization and then uses actin-based 
motility for the formation of long filipodia-like membrane projections which are taken up 
by new host cells without exposing the pathogen to the extracellular matrix (Cossart and 
Bierne 2001). Listeriolysin O (Hly) is a major virulence factor in L. monocytogenes that 
is necessary for the escape of the organism from primary and secondary phagosomes into 
the cytosol, and the absence of Hly activity would result in loss of virulence in the 
organism (Vazquez-Boland and others 2001b). Phagosomal escape of L. monocytogenes 
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is facilitated by two phospholipases, phosphatidylinositol-specific and broad-range 
phospholipase C (PI-PLC and PC-PLC), and it has been demonstrated that deletion of the 
genes encoding these phospholipases results in a two-fold reduction in virulence (Smith 
and others 1995). The mechanism of phagosomal escape of the pathogen is not yet 
elucidated but a number of studies have revealed that Hly is a phagosome-specific lysin 
since investigations involving the replacement of Hly in L. monocytogenes with its 
orthologs resulted in attenuated-virulence (Frehel and others 2003). Control of levels of 
Hly in host cytosol involves transcriptional regulation of the hly gene by Prfa, which has 
a perfect pallindromic sequence that is recognized by the hly gene (Kreft and Vazquez-
Boland 2001). The hly gene is regulated by a Prfa-dependent promoter upstream of the 
start codon (Shen and Higgins 2005), and it has been established that conditions that 
stimulate the Prfa activity results in up-regulating the hly gene (Kreft and Vazquez-
Boland 2001). 
Internalins: A second cluster of virulence genes called the inlAB operon consisting of 
two genes encode internalins A (inlA) and B (inlB), which are virulence factors that 
mediate attachment of the organism to host non-phagocytic cells (Bierne and others 
2007). The internalins confer on the pathogen the capacity to breach different barriers to 
establish infection, cross the intestinal, blood-brain, and placental barriers by inducing 
uptake into host non-phagocytic cells (Cossart and Lecuit 1998).  Internalins A and B are 
cell wall-associated proteins that are required for the phagocytosis of the pathogen by 
host cells, but the genomic sequencing of strain EGDe shows other internalin genes (inlC, 
inlC2, inlD, inlE, and inlF) whose products are less well-characterized (Dramsi and 
others 1997). The internalins are high-leucine repeats, specially-adapted proteins which 
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play major roles in signal transduction and cell adhesion or attachment processes (Kobe 
and Kajava 2001).  InlA is involved in the invasion of the pathogen into human epithelial 
cells via an interaction between a receptor possessed by the pathogen and human E-
cadherin molecule (Mengaud and others 1996), whilst InlB has been demonstrated to be 
an invasion protein that mediates entry of the pathogen into a broad-range of host cells 
(Cossart and Lecuit 1998). Mutations in inlA in the pathogen have been shown to result 
in attenuated invasion efficiency in the presence of epithelial cells that expressed the 
human isoform of the E-cadherin molecule (Nightingale and others 2008; Van Stelten 
and Nightingale 2008). The discovery of the existence of premature stop codon mutations 
in the gene encoding inlA among serotypes belonging to lineage II, and the rare 
occurrence of premature stop codon in epidemic clone isolates of serotype 4b (Van 
Stelten and Nightingale 2008) partially explains the enhanced-virulence seen in serotype 
4b. Mutations in inlA might affect its recognition of E-cadherin on epithelial cells, 
whereas the inability to synthesize inlA as a result of premature stop codon mutation in 
the gene encoding inlA would reduce the chances of uptake of the pathogen into human 
host cells. At least 18 different polymorphisms of inlA genes possessing premature stop 
codons have been found in L. monocytogenes (Van Stelten and others 2010). It has been 
reported that majority, or perhaps all serotype 1/2c (lineage II) isolates carry premature 
stop codons in the inlA gene (Tamburro and others 2010).  
Listeria pathogenicity island III (LIPI-3): The enhanced-virulence demonstrated by a 
subset of strains belonging to lineage I could be due to the production of an extra 
virulence factor called listeriolysin S (LLS), a cytolysin belonging to the streptolysin S-
like family of peptides (Cotter and others 2008). The llsX gene located in the Listeria 
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pathogenicity island III was definitively established by deletion mutagenesis using a real-
time PCR assay to target the gene in LLS-positive strains (Clayton and others 2011). The 
LLS contributes to resistance of L. monocytogenes to polymorphonuclear neutrophils and 
has been shown to enhance virulence of the pathogen in a mouse model (Cotter and 
others 2008). The production of LLS is by stimulation through oxidative stress, which 
has been proposed to enhance the escape of the pathogen from phagosomal compartments 
of macrophages (Cotter and others 2008). It has been observed that only a few lineage I 
strains implicated for human cases of listeriosis do not possess the LIPI-3 cluster of 
virulence genes (Cotter and others 2008). 
Biofilm formation 
A considerable number of studies have focused on the ability of different L. 
monocytogenes strains to form biofilm and attach to abiotic surfaces, since biofilm 
formation is perceived as an adaptive phenotype that enables the persistence of the 
organism in foods and processing plant environments (Folsom and others 2006; Pan and 
others 2010). Biofilm formation, a process of cell aggregation in L. monocytogenes 
(Wells and others 2007), is mediated by the PrfA protein (Lemon and others 2010; 
Qingchun Zhou 2011). The PrfA protein, which is responsible for the transcriptional 
activation and regulation of the LIPI-1 (Goebel 2000) and also found to regulate the inlA 
and inlB genes (Gaillard 1991), is expressed at the exponential phase and at the onset of 
the stationary phase (Mengaud and others 1991) above 30oC (Wells and others 2007). In 
vivo, PrfA is selectively activated in the lumen of the intestine to enable the organism to 
switch on its virulence genes (Toledo-Arana and others 2009). A recent study by Travier 
and colleagues (Travier and others 2013) revealed that biofilm formation is controlled by 
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the ActA protein which is responsible for the facilitation of actin-based motility (Lasa 
and others 1998). Travier and colleagues showed that the PrfA-regulated virulence factor 
that facilitates biofilm formation is ActA-ActA interaction, with the C-terminal region of 
ActA which does not participate in the actin polymerization process playing a crucial role 
in biofilm formation. The extracellular or in vitro expression of ActA and the role it plays 
in aggregation of L. monocytogenes in abiotic environments implies that ActA-expressing 
L. monocytogenes isolates are well-adapted to colonize new environments and different 
host cells through biofilm formation.  
Travier and colleagues (Travier and others 2013) also found that ActA-expressing L. 
monocytogenes isolates formed aggregates in the colon lumen, which were often trapped 
in mucus, suggesting a possibility of asymptomatic carriage of the pathogen in some 
human and animal hosts. This finding also somewhat explains the reason why listeriosis 
is associated with long-term sequelae (Jemmi and Stephan 2006). Asymptomatic carriage 
of L. monocytogenes by human and animal hosts may result in the periodic shedding of 
the pathogen in feces, which would increase the persistence of the organism in the 
environment (Travier and others 2013). L. monocytogenes thrives in the soil, water, 
decaying vegetation and silage, and exposure of the pathogen to meat-producing animals 
would result in colonizing such animals and perpetuating its transmission to foods and 
the environment. Thus, certain isolates of L. monocytogenes have developed a selective 
adaptive ability to persist and disseminate in the environment and cause contamination of 
foods. All L. monocytogenes isolates have been found to possess the LIPI-1 gene cluster, 
but because virulence expression is a heterogeneous phenotype among L. monocytogenes 
as a result of polymorphisms in the PrfA protein, ActA production and consequently 
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biofilm-forming capacity may vary among isolates of the pathogen. Polymorphisms in 
some lineage II isolates including premature stop codon (Roche and others 2005) and 
substitution of nucleotides in the prfA gene (Velge and others 2007) result in attenuated-
virulence. These polymorphisms result in mutated prfA proteins that are unable to carry 
out activation of the LIPI-1 gene promoter, leading to low levels of ActA production. 
Thus, the extremely-virulent lineages I and II strains possessing the prfA gene that 
encodes the non-defective PrfA possess selective ability to up-regulate the LIPI-1 gene 
cluster to produce more of the ActA protein in vivo or in vitro to cause increased 
aggregation. The most-virulent isolates (mostly lineage I) have the ability to form more 
biofilm, which favors their environmental persistence (Costerton 1995). The findings by 
Travier and colleagues (Travier and others 2013) implies that lineages I and II isolates, 
including serotypes 1/2b, 4b, and 1/2a, which are the most-virulent isolates are more 
capable of biofilm formation and are likely to exhibit environmental persistence and it is 
not surprising that 4b is associated with most epidemic outbreaks of listeriosis (Kathariou 
2002; Gray and others 2004). Biofilm formation in L. monocytogenes may likely have a 
significant impact on immunoassay-based detection methods, since bacterial cell-surface 
proteins may be concealed. In processing plants, biofilm may adhere to contact surfaces 
and be removed periodically to contaminate food products.  
Detection Methods 
There is a stringent legislation governing the permitted regulatory limit of the pathogen in 
ready-to-eat foods in both Europe and the United States. The regulatory limit for L. 
monocytogenes in ready-to-eat foods under the Food and Drug Administration (FDA) in 
the United States is 0 CFU/25 g of food sample (Gasanov and others 2005). Under Food 
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Standards Australia and New Zealand (FSANZ), the presence of 10 CFU or more cells of 
L. monocytogenes per 25 g of a ready-to-eat food previously linked to a human listeriosis 
outbreak or the presence of 100 CFU/25 g of packaged ready-to-eat food products is 
considered unsafe (Gasanov and others 2005). The European Union regulation on 
microbiological criteria for foodstuffs has two policies for ready-to-eat foods: the first 
legislation targets foods meant for consumption by infants or individuals with 
compromised immune systems and foods that support the growth of the pathogen, where 
the permitted limit for L. monocytogenes is 0 CFU/25 g of food, whereas the second 
legislation targets non-infants or healthy individuals with a limit of 100 CFU/25 g of cells 
of the pathogen in ready-to-eat food during its shelf life (Commission 2005; O'Connor 
and others 2010). Food manufacturers are not mandatorily required to differentiate L. 
monocytogenes from the other species of genus Listeria and thus, the presence of the 
nonpathogenic Listeria species in food is considered an indicator of potential 
contamination by L. monocytogenes because the species under the genus Listeria are 
considered to be closely related (Gasanov and others 2005). Due to the stringent 
legislative requirements there is an increase in recall of contaminated food products 
which could cost food manufacturers between $1.2 and 2.4 billion in the United States 
annually (Ivanek and others 2004). The cost associated with deaths and medical bills as a 
result of listeriosis is estimated to be approximately $2.3 billion annually in the United 
States alone (Ivanek and others 2004). 
Culture-based methods 
In the past, prolonged cold enrichment techniques at 4oC were used for the isolation of L. 
monocytogenes from clinical samples because Listeria is a psychrotroph and other 
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bacteria would not grow at refrigeration temperatures (Lorber 2007). However, this 
method of isolation took several weeks and was not suited for the isolation of injured 
cells. Test procedures approved by regulatory agencies in the United States must be 
capable of detecting a single Listeria cell (< 1 CFU/25 g) in food samples, making test 
procedures dependent on enrichment methods for the multiplication of the organism since 
the detection limit for most test procedures is approximately 104 CFU/ml (Gasanov and 
others 2005). Currently, detection of Listeria involves conventional microbiological pre-
enrichment of food samples in order to recover injured cells, and to grow the few cells 
that might be present in a food sample in order to achieve detectable populations 
(Alessandria and others 2010). Listeria is a slow grower and may be outcompeted by 
background microorganisms, prompting the need to incorporate selective agents, such as 
acriflavin HCl and nalidixic acid, to inhibit the growth of background microorganisms in 
enrichment media (Welshimer 1981). The huge pressure put on food manufacturers by 
government regulatory agencies to release Listeria-free food products and the challenge 
of getting perishable foods with shorter shelf-lives into commerce make it imperative to 
have rapid detection methods. Methods used for the detection, identification, and 
differentiation of L. monocytogenes are based on phenotypic, biochemical, 
immunological, and genotypic characteristics of the organism. Major advancements, such 
as improvement in selective culture enrichment procedures and the use of 
immunocapture, have brought about rapid detection of Listeria in foods. However, most 
of the available detection methods are faced with major challenges, such as inhibitory 
effects from complex food matrices, detection of injured and viable but non-culturable 
(VBNC) cells, and differentiation of live and dead cells. Culture methods permit high 
 35 
 
sample throughput and are inexpensive, whereas molecular genotypic methods are used 
for confirmation or identification of presumptive L. monocytogenes isolates. Industrial 
testing for the pathogen is dependent on a combination of selective enrichment 
procedures and the use of molecular techniques to obtain accurate results (Jadhav and 
others 2012). Although an ideal detection method should be rapid and culture-
independent to enable direct testing for the pathogen in foods, current official L. 
monocytogenes testing methods are all culture-dependent because contamination of food 
by the pathogen often involves a few cells.  
Current official methods for the isolation of Listeria include the United States Food 
and Drug Administration Bacteriological Analytical Manual (FDA BAM) for isolating L. 
monocytogenes from dairy, fruits, vegetables, and seafood (Hitchins and Whiting 2001), 
the horizontal International Organization for Standardization (ISO) 11290 method used 
for all food types (Churchill and others 2006), the United States Department of 
Agriculture/Food Safety Inspection Service (USDA/FSIS) method for isolating the 
organism from meat and poultry (Ryser 1999), the Netherlands Government Food 
Inspection Service (NGFIS), and the Association of Official Analytical Chemist (AOAC) 
methods. These standard cultural methods are used as references for regulatory purposes, 
for validation of new methods, and for the assessment of performance. These standard 
protocols are deemed to be slow or time-consuming (Gasanov and others 2005) and may 
be unsuitable for the isolation of injured Listeria cells because of the deleterious effects 
selective agents could have on stressed or injured cells (Donnelly 2001).  
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The FDA BAM method for the isolation of Listeria from vegetables and dairy products 
involves an enrichment of 25 g of food samples for 48 h at 30oC in buffered Listeria 
enrichment broth (BLEB) that contains acriflavin HCl, nalidixic acid, and the antifungal 
cycloheximide as the selective agents [added following 4 h of incubation]. The ISO 
11290 protocol involves a double enrichment process, where food samples are first 
incubated in demi-Fraser broth for 24 h followed by a transfer of aliquots into a full-
strength Fraser broth for secondary enrichment. Fraser broth contains acriflavin HCl, 
nalidixic acid and esculin as selective agents and makes it possible to detect β-D-
glucosidase activity in Listeria due to the blackening of the medium. The FDA BAM and 
the ISO 11290 methods are followed by another enrichment step in selective/differential 
media such as Oxford agar, Polymyxin Acriflavin Lithium chloride Ceftazidime Aesculin 
Mannitol (PALCAM) and modified Oxford (MOX) agar (Kabuki and others 2004). The 
USDA/FSIS protocol involves a two-step incubation of samples in modified University 
of Vermont (UVM) broth containing nalidixic acid and acriflavin HCl as selective agents 
for 24 h, and a secondary selective enrichment in full-strength Fraser broth for another 24 
h. The USDA/FSIS protocol also involves plating on MOX agar containing moxalactam 
and colistin sulfate as the selective agents (Gasanov and others 2005). The NGFIS 
method involves the incubation of food samples in PALCAM enrichment broth with the 
pH adjusted to 7.3, and PALCAM agar plates streaked from the broth at 24 and 48 h 
(Gasanov and others 2005). The AOAC/IDF method 993.12 is recommended for the 
isolation of the pathogen from dairy products and contains specific guidelines for diary 
food preparations; the medium contains nalidixic acid and acriflavin as selective agents 
and the incubation time is 48 h (Gasanov and others 2005). 
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A number of studies have been conducted on the comparative performance of some of the 
standard enrichment procedures. A study aimed at isolating L. monocytogenes from 
contaminated seafood and environmental samples using Listeria isolation procedures 
including Fraser and the University of Vermont (UVM) broths showed the UVM broth 
was associated with the highest false-positive results, whereas the Fraser broth was 
associated with the highest false-negative results (Duarte and others 1999). The detection 
limits for the FDA and the USDA/FSIS procedures have been confirmed to be 1 CFU/g 
of food sample, with the ISO and the NGFIS protocols having slightly lower limits for 
some food matrices (Churchill and others 2006). Some standard methods take into 
consideration the necessity to ensure successful isolation of injured cells with the FDA 
BAM allowing a repair time of four hours before the addition of selective agents to the 
broth, whereas the ISO method has an initial 24 h incubation in demi-Fraser broth 
containing a half-strength selective agents before growth in a full-strength Fraser broth 
(Gasanov and others 2005). 
Most culture-based techniques depend on biochemical and phenotypic characteristics of 
the pathogen for confirmation of Listeria-positive samples. Selective media such as 
Oxford, PALCAM, and MOX agar are dependent on the β-D-glucosidase (esculinase) 
conversion of esculin to esculetin, resulting in colonies having black halos around them 
(Kabuki and others 2004). However, it has been reported that some Enterococcus and 
Bacillus spp. are capable of utilizing esculin and may result in false positive tests 
(Gasanov and others 2005). Suspect bacteria are confirmed by oblique lighting where 
colonies of Listeria on tryptose soy agar appear like a mesh with a distinct blue-green 
cast (Welshimer 1981). Commercially validated biochemical strips such as API Listeria 
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(BioMerieux, Macy-Etoile, France) and Micro-IDTM (Remel, U.S.A.) are incorporated 
into some standard protocols (Gasanov and others 2005). Sugar utilization tests 
[involving L-Rhamnose, D-Manitol, D-xylose and α-Methyl Mannoside] may be used to 
differentiate suspect isolates into one of the species, but this method may be unreliable 
since colors are often hard to interpret (Gasanov and others 2005). Discrimination of 
pathogenic Listeria species from others may involve β-hemolysis on blood agar plate 
(BAP), where L. monocytogenes, L. ivanovii and L. seligeri are hemolytic whilst the other 
species are not (Gasanov and others 2005). The Christie, Atkins, Munch-Peterson test is 
used to discriminate β-hemolytic species of Listeria, and there is a commercially 
available CAMP test kit based on β-lysin discs as part of the USDA protocol (Gasanov 
and others 2005). A parallel streak of the β-hemolysin-producing Staphylococcus aureus 
and Rhodococcus equi with a suspect Listeria colony streaked perpendicular between 
them and not touching the parallel streaks on a blood agar plate (BAP) would result in 
enhanced hemolysis in L. monocytogenes and L. seeligeri [to a lesser extent] in the region 
towards the S. aureus, whereas L. ivanovii exhibits enhanced hemolysis in the region 
towards R. equi (Vazquez-Boland 1990). 
Chromogenic Listeria media 
Commercially available chromogenic media are based on rapid identification of color 
formations as a result of the activity of certain enzymes found in Listeria on substrates 
incorporated into the media. The chromogenic Agar Listeria Ottaviani and Agosti 
(ALOA)  (Biolife, Milan, Italy) differentiates the pathogenic L. monocytogenes and L. 
ivanovii from the other nonpathogenic species in the genus Listeria on the basis of the 
concurrent detection of the enzymes β-D-glucosidase (esculinase) and 
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phosphatidylinositol-specific phospholipase C (PI-PLC) (Greenwood and others 2005). 
The β-D-glucosidase enzyme is present in all Listeria and its activity on a chromogenic 
substrate incorporated into the medium results in blue/green colonies. 
Phosphatidylinositol-specific phospholipase C (PI-PLC) is an enzyme encoded by one of 
the virulence genes located in the Listeria pathogenicity island-1 (LIPI-1) and found in L. 
monocytogenes and L. ivanovii (Coffey 1996), and the action of this enzyme on lecithin 
present in the medium results in a zone of clearing (halos) around the blue/green colonies 
(Jeyaletchumi 2010). RAPID’L.mono agar (BioRad, France), BCM Chromogenic agar 
test (Biosynth International, U.S.A.), CHROMagar Listeria test (Mast Diagnosis, 
Germany), OCLA (Oxoid, UK), and OAA (BioMerieux, France) are some of the 
chromogenic media that are based on the activity of PI-PLC on chromogenic substrates 
(Gasanov and others 2005). Most of these chromogenic media do not discriminate L. 
monocytogenes from L. ivanovii, and so fermentation of xylose resulting in yellow 
colonies for L. ivanovii has been used (Gasanov and others 2005). The Monocytogenes 
ID Disc (Biolife, Milan, Italy) is used to differentiate L. monocytogenes from the other 
Listeria on the basis of the possession of alanyl peptidase by all Listeria except L. 
monocytogenes, where the enzyme hydrolyzes the substrates DL-alanine-β-
naphthylamide and D-alanine-p-nitroanilide to produce color (Clark 1997).  
Conventional culture-dependent approaches for Listeria isolation involves 48 to 72 h of 
selective enrichment, and may take between 5 to 10 days for test confirmation depending 
on the biochemical tests used (Gasanov and others 2005). Culture-dependent methods are 
labor-intensive, time-consuming, and are frequently associated with false presumptive 
test results because of the excessive reliance on random selection of colonies which are 
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characteristic of Listeria (Frece and others 2010). The detection of phenotypic 
characteristics which are heavily impacted by environmental factors makes culture-
dependent methods highly unreliable (Gasanov and others 2005). Analytical methods for 
detecting L. monocytogenes are required to satisfy governmental, scientific and industrial 
demands, such as level of detection, strain specific information, time-to-detection and 
simplicity of method, to enable risk analysis and characterization to be carried out. The 
quest for novel rapid, sensitive, and accurate methods that would ensure real-time testing 
in the food industry has paved the way for a number of commercially available detection 
and identification kits. Although many new methods are currently available, the low 
levels of L. monocytogenes in contaminated foods and the lower detection limits of these 
methods make pre-enrichment necessary (Gasanov and others 2005). In principle, 
phenotypic, biochemical, immunological, and genetic approaches have been used to 
detect L. monocytogenes because of the organism’s multifaceted characteristics.  
Antibody-based methods 
Immunoassay methods for Listeria detection are based on specific binding interaction or 
affinity between monoclonal, polyclonal or recombinant antibodies and antigens of the 
pathogen. Immunoassay-based methods are commonly used because they are simple, 
accurate, and can be directly used to detect the organism in an enrichment medium and 
some foods (Gasanov and others 2005). Although a lot of commercially available 
antibody-based assays have been validated, there are many drawbacks associated with 
them. Pre-enrichment may be necessary since antibody-based methods are less sensitive 
with a detection limit of 105 CFU/ml (Gasanov and others 2005). There is a higher 
probability of antibodies cross-reacting with other closely-related species, and in vitro 
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expression of phenotypic targets in Listeria for antibodies are variable because 
environmental factors may have effects on phenotypic characteristics (Brehm-Stecher 
2007). Antibody binding analysis based on the detection of structural components, such 
as flagella, listeriolysin O (LLO) or protein p60 (encoded by the iap gene), is much 
preferred than targeting whole cells (Churchill and others 2006). Preparation of 
antibodies is time-consuming, requires extensive testing to verify sensitivity and 
specificity because antibodies produced from different animals may demonstrate 
differences in antigen binding efficiency as proteins are known to vary under different 
environmental conditions (Diaz-Amigo 2010).  
Enzyme-linked immunosorbent assay (ELISA) is an antibody-based method that 
involves the immobilization of anti-Listeria antibodies into microtiter wells in order to 
capture Listeria antigens, followed by the addition of a secondary anti-Listeria antibodies 
coupled to an enzyme or other labels. ELISA assays can be in the sandwich ELISA or 
competitive ELISA formats, with other formats such as fluorescently-labeled ELISA, 
enzyme-linked immunofluorescent assays and latex agglutination assays used (Gasanov 
and others 2005). ELISA kits are easy to carry out, are widely used in food testing for 
Listeria, with reported time-to-results for this method being 30 to 50 h (Bell 2005). The 
detection limit for ELISA assays is between 105 and 106 CFU/ml (Brehm-Stecher 2007). 
A multiplex sandwich ELISA format, which is cost-effective, has reduced time-to-results 
and reduced analysis volumes, has been developed for the concurrent detection of 
Escherichia coli O157:H7, Yersinia enterocolitica, Salmonella enterica, and L. 
monocytogenes (Magliulo and others 2007). This assay involved monoclonal antibodies 
which specifically targeted each of the organisms and had a detection limit of between 
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104 and 105 CFU/ml. The VIDAS LMO2 assay (BioMerieux, France) for L. 
monocytogenes has been reported to have a sensitivity of 105 CFU/ml for less acidic 
foods and 106 CFU/ml for acidic foods with a time-to-detection of approximately 70 min 
after 12 h of pre-enrichment (Ueda and Kuwabara 2010). The sensitivity of the VIDAS 
(BioMerieux, France) and TECRA (TECRA International, Australia) assays have been 
claimed to be at par with culture methods with results made available in approximately 
30 h (Gasanov and others 2005).  
Immunomagnetic separation (IMS) is an antibody-based method that involves antibody 
and antigen (pathogen) binding interaction in the presence of a magnetic field using 
pathogen-specific antibodies covalently-linked to surfaces of paramagnetic polystyrene 
beads (Wadud and others 2010). The method is used to enhance sensitivity or to directly 
concentrate cells from food or enrichment media matrices, with nanoparticles applied to 
concentrate Listeria cells based on magnetic capture hybridization (Amagliani and others 
2006). Because IMS is unable to confirm the identity of the captured bacteria, culturing 
on selective media becomes essential. A detection limit of 102 CFU/0.5 ml was achieved 
when immunomagnetic nanoparticles (IMNPs) coated with rabbit anti-L. monocytogenes 
antibodies were used in combination with real-time PCR that targeted hlyA for L. 
monocytogenes detection from artificially contaminated milk samples (Yang and others 
2007). The assay developed by Yang and colleagues (Yang and others 2007) was 
optimized by increasing the volume of IMNPs used, but the reaction volume was 0.5 ml 
which is lower than the 25 ml recommended in standard protocols, and they also found 
out that the IMNPs interfered with the DNA extraction process. Overall, IMNPs 
demonstrated a better capture efficiency compared with dynabeads because the smaller 
 43 
 
sizes of IMNPs confer greater surface area and enhances diffusion through complex 
matrices of samples (Yang and others 2007). Advanced forms of the immunocaputure 
method involving the use of paramagnetic beads coated with recombinant Listeria phage 
endolysin-derived cell wall-binding domain proteins (CBD beads) specific for Listeria 
(Walcher and others 2010), and a multiplex capture hybridization method in combination 
with a triplex real-time PCR for the concurrent detection of Salmonella spp, L. 
monocytogenes, and an internal amplification control (Cocolin and others ) to account for 
inhibitors that had a detection limit of 1 CFU/g post enrichment (Amagliani and others 
2010) have been developed.  
DNA-based detection techniques 
 
DNA microarrays are based on the identification of a particular microorganism using 
species-specific DNA probes complementary to a unique gene or DNA fragment in that 
microorganism. It can also be used to detect species-specific gene polymorphisms or 
errors in a PCR product from a technique that has a high probability of nonspecific 
amplification (Brehm-Stecher 2007). A DNA microarray method based on a multiplex 
PCR for the identification of different species of Listeria (Volokhov and others 2002), a 
serotype-specific (Borucki and Call 2003), and lineage-specific DNA microarrays for L. 
monocytogenes (Zhang and others 2003; Doumith and others 2006) have been developed. 
The DNA microarray method is highly-specific since it involves the hybridization of a 
species-specific probe to a complementary single-stranded DNA (ssDNA) in the 
particular species investigated. Although this method is highly specific, the DNA probe 
could cross-hybridize with closely related genes having some sequence homology with 
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the target gene of interest. This detection technique is highly reproducible since it is 
dependent on DNA unlike immunoassays which depend on the detection of immunogenic 
proteins (antigens) using antibodies. DNA microarrays are portable and can be on glass 
or chips, and they are more rapid or faster than PCR assays; the AccuPROBE method 
takes between 18-48 h for results to be available, whereas GENE-TRAK takes 48 h for 
results to be available (Gasanov and others 2005). However, DNA microarrays cannot 
distinguish between live and dead cell populations, depend on DNA extraction process, 
are expensive, and not as widely used as PCR-based and/or immunoassay methods 
(Gasanov and others 2005).  
PCR-based techniques are the most accurate methods used in the food industry to detect 
L. monocytogenes because they involve the detection of genes (Aznar and Alarcon 2003; 
Brehm-Stecher 2007). PCR-based assays could have a detection limit of < 1 CFU/ml 
(Kaclikova 2003), and have been shown to detect more positive samples following pre-
enrichment than plating and biochemical analysis (Aznar and Alarcon 2003). The higher 
numbers of positive samples detected by PCR compared to a combination of plating and 
biochemical analysis could be due to PCR assays picking up DNA from dead cells 
(Aznar and Alarcon 2003). Direct detection of L. monocytogenes in food is difficult as 
contamination of foods with the pathogen occurs in low numbers, making selective 
enrichment essential, but the pathogen has been found to be outcompeted by L. innocua 
in selective enrichment broths (Aznar and Alarcon 2003; Bruhn and others 2005; Zitz and 
others 2011). Additionally, the presence of inhibitors from selective enrichment media, 
such as phenolic compounds, nucleases or selective agents, or the absence of the DNA 
target for PCR amplification would result in a negative signal (Rodriguez-Lazaro and 
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others 2005). To overcome an inhibitor effect in PCR assays, an internal amplification 
control DNA fragment, which if amplified indicates the result is negative because the 
target DNA is absent for a test sample and if not amplified suggests the presence of an 
inhibitor, is used (Rodriguez-Lazaro and others 2005).  
Although the PCR method is accurate, it is unable to differentiate between live and dead 
cells as DNA from dead cells can persist after a significant length of time and still be 
amplified (Nielsen and others 2007). A filtration-based technique that rapidly separates 
dead and/or damaged cells from viable cells was developed by D’Urso and others 
(D'Urso and others 2009). To overcome the detection of DNA from dead cells, a 
messenger RNA (mRNA) is instead targeted for amplification using reverse transcriptase 
PCR (RT-PCR) because mRNAs have shorter life than DNA and degrade faster after cell 
death (Klein and Juneja 1997). However, targeting mRNAs from virulence genes is 
challenging because transcription of such genes occurs only under certain conditions, and 
also DNA has been found to interfere with the mRNA extraction process (Brehm-Stecher 
2007). Another alternative detection method for only live cells based on the use of 
propidium monoazide (PMA) and/or ethidium monoazide (EMA) dyes, which do not 
bind to live cells but bind by forming permanent covalent linkages with nucleic acids 
found in dead cells in the presence of light, thereby precluding amplification of the 
nucleic acids by PCR have been explored (Pan and Breidt 2007). However, EMA was 
found to be toxic to live cells while PMA was not.  
Multiplex PCR is a more cost-effective, sensitive, selective, and time-saving technique 
than conventional PCR, and it involves the concurrent detection of more than one 
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different foodborne pathogen (Jadhav and others 2012). A multiplex PCR to 
simultaneously detect six different foodborne pathogens including L. monocytogenes 
which was found to be highly sensitive and detected more positive samples than culture-
based methods combined with biochemical analysis has been developed (Alarcon and 
others 2004), but another one developed to target L. monocytogenes, Staphylococcus 
aureus, Salmonella enterica, and Escherichia coli O157:H7 showed a higher sensitivity 
and was able to detect as low as 10 copies of genomic DNA (Zhang 2009).  The 
challenges associated with using multiplex PCR are that the target DNA sequences 
should not be similar in size if they will be visualized on agarose gels, and also 
optimization of concentrations of primers, Mg2+, dNTPs, polymerase, and annealing 
temperatures of each primer to the target DNA templates is required (Mustapha 2006).  
Real-time (quantitative) PCR (qPCR) involves the quantitation of the amplicon by 
measuring changes in fluorescence levels based on the accumulation of the PCR product. 
The qPCR method is based on hybridization of a fluorescently labeled target-specific 
probe along with a quencher to the target molecules so that the fluorescently labeled 
probe is not available to the quencher, resulting in an increase in fluorescence as the PCR 
product accumulates. In the absence of the target DNA molecule, the fluorescently 
labeled probe is available to be quenched by the quencher molecule. Different types of 
qPCR methods available include the TaqMan, SYBR Green, molecular beacons and 
scorpions (Jadhav and others 2012), with the TaqMan (hydrolysis probe) based on the 
5’→3’ exonuclease activity of the Taq polymerase being the most widely used (Jadhav 
and others 2012). In the TaqMan technology, the reporter and quencher dyes are on the 
same oligonucleotide (not primer sequence), and the Taq polymerase cleaves the reporter 
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dye during extension of the primer by its exonuclease activity so that fluorescence of the 
reporter dye can be measured (Broll 2010). A quantitative PCR (qPCR) for detecting L. 
monocytogenes from non-Listeria and other Listeria species that included an IAC DNA 
fragment showed 100% sensitivity (Rodriguez-Lazaro and others 2005). A RT-qPCR 
assay specific for the matalloprotease gene showed comparable sensitivity to cultural 
methods (Berrada and others 2006), whereas a qPCR assay based on fluorescence 
resonance energy transfer (FRET) hybridization probes for L. monocytogenes was 
capable of detecting 1-5 CFU/25 g of food following 26 h of enrichment (O'Grady and 
others 2009). A combination of simultaneous enrichment of and multiplex RT-qPCR 
assay for Salmonella spp., E. coli O157:H7, and L. monocytogenes was capable of 
detecting less than 18 CFU/10 g in different food samples (Suo and others 2010). A 
shortcoming associated with using qPCR is that non-target DNA and/or formation of 
primer-dimers can show fluorescence, which could affect the fluorescence signal of the 
probe used (Fairchild 2006). 
Detection of single strand conformational polymorphisms is another PCR method that 
is based on the principle that the presence of a single nucleotide polymorphism in two 
different single stranded PCR products of similar length would result in a conformational 
difference between the two strands, which can be detected using denaturation gradient gel 
electrophoresis (DGGE) or temperature gradient gel electrophoresis (TGGE) (Jadhav and 
others 2012). Although DGGE and TGGE have been used to identify Listeria from food 
samples (Cocolin and others 2002; Tominaga 2006), these techniques are cumbersome 
and lengthy (Valaskova 2009) because gel bands need to be excised, PCR products re-
amplified, and possibly sequenced or sequence-specific probes must be hybridized to the 
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target DNA sequence for confirmation. Also, only small DNA fragments (< 400 bp) can 
be separated by TGGE (Jadhav and others 2012). 
Loop mediated isothermal amplification (LAMP) involves an auto-cyclic isothermal 
amplification of target DNA fragment using Bst (Bacillus stearothermophilus) DNA 
polymerase. Unlike PCR, LAMP does not require a thermocycler and amplification can 
be completed within one hour in a water bath (Jadhav and others 2012). The Bst 
polymerase uses strand displacement activity because it lacks the exonuclease activity of 
Taq polymerase and the primer pairs form stem-loop structures on target sequence during 
amplification (Prasad 2009). A LAMP assay for L. monocytogenes showed a one 
hundred-fold greater sensitivity than conventional PCR and could save time since the gel 
electrophoresis step was replaced by observing a color change in products using calcein 
and manganous (Tang and others 2011). 
Biosensor-based techniques 
Biosensors involve the use of biomolecules to interact with a target organism in order to 
generate a signal that can be analyzed to determine the presence or absence of the 
organism in a given sample. The biosensor BIA3000, which is an antibody-based method 
(Leonard and others 2004), the surface plasmon resonance (SPR) which is an optical-
based technique used to detect changes in refractive index that occur due to the binding 
interaction between the target organism and its receptor in the proximity of the sensor 
surface (Poltronieri 2009), and a mammalian cell-based biosensor which is based on a 
sensing element consisting of B-lymphocyte Ped-2EP cell line embedded in a collagen 
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matrix (Banerjee and Bhunia 2010) have all been used for L. monocytogenes detection 
with a sensitivity of approximately 102 CFU/ml  achieved. 
Spectroscopic methods 
Spectroscopy-based techniques are more rapid, reliable, less expensive (Holt and others 
1995), and involve minimal sample preparation and the generation of a unique spectrum 
or fingerprint for a bacterium which can be used for the identification or differentiation at 
the genus, species or strain level (Janbu and others 2008). The fingerprint generated from 
a bacterium is a characteristic of the biochemical constituents (fatty acids, proteins, 
polysaccharides or nucleic acids) found in the cells (Al-Qadiri and others 2008). Fourier 
transform infrared (FT-IR) spectroscopy, Raman spectroscopy and matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) are the most 
common spectroscopy-based techniques that have been used. 
MALDI-TOF MS is based on the detection of large molecules from a sample overlaid 
with a solvent (matrix) that can absorb photons from a nitrogen laser and cause 
simultaneous desorption and soft-ionization of the intact molecules. MALDI-TOF MS is 
a destructive method and involves the invasion of the cells of the bacterium by the matrix 
to make available the protein composition followed by the evaporation of the matrix 
resulting in the cell constituents getting trapped in matrix crystals (Welker and Moore 
2011). Reference databases, such as MALDI biotyper (Bruker Corporation) and 
SARAMIS (BioMerieux), containing reference spectra for a number of microorganisms 
are available to enable comparison, identification, and confirmation of isolates in a short 
time (Welker and Moore 2011). Whole cell MALDI-TOF MS has been used to identify 
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Listeria isolates from different sources (Barbuddhe and others 2008), but the method has 
not been extensively compared with standard techniques (Sogawa and others 2011). The 
drawbacks associated with this method include effects of growth medium, age of culture, 
sample preparation and type of matrix used on the spectrum (Murray 2010).  
Fourier transform infrared (FT-IR) spectroscopy is a technique that is based on the 
absorption of infrared radiation by most molecules except homonuclear or nonpolar 
compounds, such as O2 and N2, to provide an infrared spectral pattern with a higher 
degree of specificity that can be exploited for identification analysis. Based on quantum 
theory, every molecule displays a unique set of energy state; the ground state being the 
energy level of a molecule at room temperature while the excited state is a higher state 
when the molecule absorbs photons (energy) from irradiation, with the difference in the 
two states corresponding with the amount of energy absorbed by the molecule (Skoog 
1994).  
Infrared radiation has weaker energy compared to ultraviolet or visible light (Beekes and 
others 2007), and is only sufficient to cause vibrational and rotational transitions but not 
electronic transition (Skoog 1994). Thus, molecular bonds and the atoms involved in the 
formation of bonds vibrate with movement of the atoms toward and away from each 
other (vibrational mode) and/or rotate about the molecular axis (rotational mode). Since 
biological specimens are usually present in a condensed phase, only vibrational modes 
are observed with infrared spectroscopy for such samples (Naumann 2000). Stretching 
and deformation (bending) are two predominantly observed vibrational modes in infrared 
spectroscopy (Hong 1999; Kansiz 1999; Winder and others 2004), with stretching 
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vibrations due to rhythmical changes in distances between atoms as a result of atomic 
movement along axes of bonds while bending vibrations are due to changes in bond 
angles between atoms. Further changes in bond angles could bring about twisting, 
wagging, scissoring, and rocking vibrations, but infrared absorption spectroscopy can 
only happen when vibrational transitions occur due to dipole moment of excited 
molecules (Skoog 1994).  
A FT-IR spectrophotometer unit consists of a Michelson interferometric arrangement 
with a light source, a beam splitter, fixed and movable mirrors, and a detector (Gremlich 
2001). FT-IR spectroscopy involves the modulation of radiation signals from 
interferograms, amplification, digitization, electronic storage, and final transformation of 
signals into a spectrum by using a Fast Fourier transform (FFT) algorithm (Beekes and 
others 2007). The function of the Fourier transform (FT) is to convert a spectrum into a 
Fourier spectrum, which is a discrete algorithm spectrum produced when a discrete 
interferogram is Fourier transformed (Gremlich 2001); thus, Fourier transformation is a 
mathematical mode of extracting the individual frequencies from the interferogram for 
final representation of infrared spectrum (Beekes and others 2007). An advantage of 
using a FT-IR spectroscopy is that it increases the light throughput which improves the 
performance by providing the highest signal-to-noise ratio to produce a spectrum of the 
highest degree of resolution (Gremlich 2001).  
FT-IR spectroscopy in the mid-infrared (4,000 – 400 cm-1) region is considered a novel 
technique that applies interferometric modulation of radiation to measure wavelengths of 
absorption by a specimen in a mode that is akin to a continuously oscillating spring 
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(Naumann 2000). It is a rapid, simple, and noninvasive technique that can be used to 
generate spectral patterns that provide biochemical information about the molecular 
constitution and morphology of biological specimens or cells of microorganisms (Choo-
Smith and others 2001). FT-IR spectroscopy has been used for the identification of 
bacteria, yeasts, and fungi (Naumann and others 1991; Rodriguez-Saona and others 2001; 
Wenning and others 2002), for the detection of foodborne pathogens (Mossoba and 
others 2003), and differentiation of the pathogenic E. coli O157:H7 from nonpathogenic 
strains of E. coli (Yang 2002).  
The FT-IR technique is based on the generation of a biochemical ‟fingerprint’’ spectrum 
from a particular bacterium, which is a characteristic of the cellular composition 
(proteins, fatty acids, polysaccharides, and nucleic acids) of that bacterium (Kansiz 1999; 
Oberreuter and others 2002; Winder and others 2004) and can be used to identify or 
differentiate it from other bacteria (Timmins and others 1998; Lin and others 2004; 
Winder and others 2004). The FT-IR spectroscopy absorption bands at different 
wavelengths are due to the collective interacting vibrational modes of different polar 
functional groups or polar bonds found in cells of a particular bacterium (Timmins and 
others 1998; Kansiz 1999; Winder and others 2004). The FT-IR spectral absorption bands 
in the mid-infrared region (4000 - 400 cm-1) could be categorized into three different 
regions: the absorption region for fatty acids found in cell wall and membranes 
(approximately 3000 - 1800 cm-1), the protein absorption region (approximately 1800 – 
1300 cm-1), and the fingerprint absorption region (approximately 1300 – 900 cm-1) 
(Goodacre and others 1996; Kansiz 1999; Lin and others 2004).  
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The O-H stretch of water is the absorption band located at approximately 3400 cm-1, and 
the spectral features in the region 3000 – 1800 cm-1 include the C-H asymmetric stretches 
of methyl (CH3) (at approximately 2960 cm-1) and methylene (CH2) (at approximately 
2929 cm-1) groups, C-H symmetric stretches of CH3 (at approximately 2875 cm-1) and 
CH2 (at approximately 2850 cm-1) groups, the C=O stretching vibration of esters (at 
approximately 1740 cm-1) and asymmetric stretching vibrations of CH3 and CH2 due to 
the absorption by fatty acid residues found in the cell wall and cell membrane (Kansiz 
1999; Maquelin and others 2002; Lin and others 2005). The protein absorption region at 
1800 - 1300 cm-1 contains the most conspicuous discriminant features for a FT-IR 
spectrum from a bacterium and consists of C=O stretching (at approximately 1650 cm-1, 
called amide I band) and N-H deformation (at approximately 1540 cm-1, called amide II 
band) of amides (Lin and others 2004), and CH3 (at approximately 1455 cm-1) and CH2 
(at approximately 1398 cm-1) symmetric and asymmetric bending of proteins, 
respectively (Kansiz 1999; Lin and others 2004). The wavelength range 1300 - 900 cm-1, 
called the fingerprint region (Goodacre and others 1996; Al-Qadiri and others 2006), 
consists of P=O asymmetric and symmetric stretches of phosphodiester backbones of 
DNA (at approximately 1242 cm-1) and RNA (at approximately 1080 cm-1), and C-O-C 
stretching vibrations of peptidoglycan layer (Gram positive bacteria) and/or 
lipopolysaccharide outer layer (Gram negative bacteria) of cell wall (Kansiz 1999; Lin 
and others 2004). 
            High quality FT-IR spectra representing extreme molecular complexity of 
microorganisms must be complemented with data compression and pattern recognition 
techniques for a thorough assessment and comparison of spectra from different biological 
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specimens. Multivariate statistical analysis, which can involve a variety of methods for 
spectral preprocessing, evaluation, and representation of huge complex data are used for 
spectral data analysis (Naumann 2000). The most frequently used methods for pattern 
recognition in FT-IR spectroscopy include factor analysis, hierarchical cluster analysis 
(HCA), and artificial neural networks (ANNs) (Naumann 2000; Naumann 2001). Also, 
principal component analysis (PCA) which is a mathematical data reduction method that 
is used to transform a number of possibly correlated variables into a lower number of 
uncorrelated variables called principal components (PCs) (Gremlich 2001; Rodriguez-
Saona and others 2001), partial least squares (PLS) which is used to provide a correlation 
between reference data and spectral data (Lin 2003; Oust and others 2004), and 
discriminant analysis (DA) which is used to predict group membership of a treatment 
based on linear combination of interval variables (Mouwen and others 2005), are all 
multivariate statistical analysis which have been used for bacterial spectral identification 
and differentiation. FT-IR spectra collected from two bacterial species would have some 
similarities and dissimilarities (Goodacre and others 1996; Rodriguez-Saona and others 
2001), and to be able to identify, differentiate, and/or classify bacterial spectra requires 
the application of an appropriate multivariate statistical analysis (Rodriguez-Saona and 
others 2001; Lin and others 2004).  
              FT-IR spectroscopy and multivariate statistical analysis has been used to subtype L. 
monocytogenes (Rebuffo and others 2006) and to detect injury in the pathogen (Lin and 
others 2004; Al-Qadiri and others 2008). FT-IR spectral wavelengths between 1700-750 
cm-1 have been used to differentiate between serotypes 1/2a, 4b, 1/2b and 4c, and there 
was concordance between FT-IR spectroscopy and multilocus genotyping (MLGT) when 
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applied for typing of L. monocytogenes  at the haplotype level (Davis and Mauer 2011). 
The method allows high throughput screening of samples, spectral patterns are 
reproducible, the analysis is very rapid, and the technique is relatively less expensive than 
DNA-based subtyping methods. However, a major drawback associated with FT-IR 
spectroscopy is the need for pure culture which limits direct detection of the pathogen in 
food matrices. 
Sublethal cellular injury and repair 
            Rowbury (Rowbury 2003) defined sublethal injury as the consequence of exposure to a 
chemical or physical process that damages but does not result in the death of a 
microorganism, while Gilbert (Gilbert 1984) defined sublethal injury to encompass 
damage to structural components of cells, the expression of which entails some loss of 
cell function that may be temporal or permanent. Although food matrices could be 
perceived as supportive milieu for microbial metabolism, intrinsic factors in foods could 
be bacteriostatic or bacteriocidal to microorganisms (Archer 1996). Types of bacterial 
stresses that occur throughout the farm-to-fork continuum can be categorized as physical, 
chemical, or nutritional; Stresses such as low water activity (aw), extreme pH, redox 
potential, osmotic pressure, starvation, heating, freezing, thawing, presence of innate and 
supplemental antimicrobial compounds, and high hydrostatic pressure are all known to 
cause bacterial cell damage (Miller and others 2000). 
             It has been confirmed that a bacterial population exposed to a sublethal stress condition 
would result in a continuum of disparately injured cells, with severely injured cells 
entering into viable but non-culturable (VBNC) state in some cases (Asakura and others 
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2002). Sublethal stress may manifest as metabolic injury, which is defined as the inability 
of the injured bacterial population to temporarily multiply on a defined minimal medium 
(Gilbert 1984) unless they are resuscitated (Hurst 1984), or as structural injury, which is 
identified by the inability of an injured bacterial population to proliferate or survive in a 
medium containing selective agents that would show no inhibitory effects on uninjured 
cells (Gilbert 1984; Semanchek 1998; Ray 2001b). Some authors perceive metabolic and 
structural injury to be varying degrees of the same type of injury (Kang and Siragusa 
1999).  
            Ubiquitous sources of stress may include acute or gradual acid shock at lower pH, which 
may occur through the exposure of cells to acid or acidified foods (Abee and Wouters 
1999) and decontamination of beef carcasses using acid washes (Dickson 1994a). 
Alkaline stress could occur as a result of the many detergents and chemical sanitizers, 
such as caustic soda and ammonium compounds, used for cleaning food processing 
environments and food contact surfaces (Taormina and Beuchat 2001). Other sources of 
injury include starvation stress due to growth of microorganisms in oligotrophic 
environments (Dickson 1993); cold shock phenomenon (process whereby bacterial cells 
are subjected to a sudden drop of temperature of at least 10oC) (Jones and others 1996); 
freeze injury (caused by continued exposure of microorganisms to concentrated solutes 
and physical damage from ice) (Semanchek 1998); osmotic stress (dehydration and 
rehydration) (Mackey 1984); and heat shock (exposure of microorganisms to above their 
optimum growth temperature) (Pagan and others 1997). 
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            Exposure of bacterial cells to acidic pH may cause damage to RNA, interference with 
ribosomal integrity and protein synthesis (Hurst 1984), shifts in proton motive force, and 
DNA damage (Rowbury 2003). Physical stress is associated with membrane damage of 
lipopolysaccharides and phospholipids of Gram negative bacteria (Mackey 2000a). 
Heating may cause protein and enzymes damage, DNA damage (Mackey 2000a), and 
may affect membrane fluidity and bring about the collapse of the cell membrane and 
consequently cell lysis (Atlas 1998). Thermal treatment may cause denaturation of 
proteins, enzymes, nucleic acids, and physical damage to protein and lipid components of 
the cell membrane (Kobayashi and others 2005). Different forms of bacterial stress have 
been found to prolong the lag phase duration with severely injured cells having much 
longer lag phase duration (Stephens and others 1997).  
            The synthesis of certain stress-inducible proteins following the exposure of 
microorganisms to one form of stress coincides with the development of an adaptive 
resistance to other stresses (Lou and Yousef 1997). A L. monocytogenes population that 
had been previously exposed to heat treatment at 45oC was found to have six-fold heat 
resistance at 62oC than a non-heat shocked population (Pagan and others 1999). Heat 
shock proteins (HSPs) in bacterial cells have been extensively studied, and they have 
been reported to perform manifold functions including acting as molecular chaperones or 
chaperonins by assisting in the folding of proteins or targeting for degradation proteins 
that have been denatured (Graumann and others 1996), acting as proteases to degrade 
irreparably denatured proteins (Juneja and others 1998), and repair of DNA and aiding in 
the cell division process (Abee and Wouters 1999). It has been proposed that the 
accumulation of denatured proteins after an exposure of a microorganism to stress 
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triggers the synthesis of HSPs and other stress-inducible proteins (Kobayashi and others 
2005). The phenomenon where the exposure of a population of bacterial cells to one form 
of stress induces an acquired tolerance or an adaptive resistance to subsequent stresses in 
the bacterial population is called stress hardening or cross protection.   
As stated previously, any bacterial population exposed to a stress condition would 
contain a continuum of disparately injured cells with each individually stressed cell 
expressing a stress response that might be different from that of others. Some of the cells 
may enter into a viable but non-culturable (VBNC) state as a means of protection while 
they retain their pathogenicity (Asakura and others 2002). Injured cells may evade 
detection, but under conducive conditions injured cells can repair and if found in foods 
could cause illness (Busta 1994). Although the association between injury and expression 
of pathogenicity is not clearly established, to some extent, some virulence genes are 
expressed or up-regulated when some pathogenic microorganisms are under stress (Imlay 
2003). The listeriolysin O toxin has been found to be overexpressed under heat shock and 
oxidative stress conditions (Datta and Kothary 1993). 
Stress response in most Gram negative bacteria is regulated by the RpoS, the alternative 
sigma subunit of RNA polymerase (Abee and Wouters 1999), which can induce many 
genes under different stress conditions (Loewen and others 1998). In L. monocytogenes 
and other Gram positive bacteria the alternative sigma subunit (σB) regulates stress 
response, and like the RpoS, is induced by an exposure to stresses (Abee and Wouters 
1999). Disruption of σB in L. monocytogenes has been found to result in increased 
sensitivity to osmotic and low acid stress (Abee and Wouters 1999). The mechanism of 
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repair in most bacteria includes metabolic processes of synthesis of adenosine 
triphosphate (ATP), DNA, RNA, proteins, and macromolecular reorganization (Ray 
2001a). Stress-induced proteins, such as heat shock proteins (HSPs), have been found to 
play some role in the bacterial cell repair process (Juneja and others 1998; Abee and 
Wouters 1999). 
Bacterial injury and stress response is an intricate process with some studies making 
more-clear the role of reactive oxygen species (ROS) or radical chemical intermediates in 
the process. ROS may injure cells through oxidation of membranes, enzymes, proteins, 
and DNA, whereas other non-radical reactive oxygen species, such as singlet oxygen, 
ozone, peroxides, and hypochlorous acid (HOCl), may also injure cells (Valentine 1995). 
Processes used for the inactivation of microorganisms include ultraviolet or gamma 
irradiation and heating, but reactive oxygen species may contribute to achieving effective 
lethality of injured cells. To be able to recover injured cells from foods or food 
processing environments, compounds that can break down or convert reactive oxygen 
species to less reactive forms, such as superoxide dismutase, sodium pyruvate and 
oxyrase, must be incorporated into isolation media (Stephens and others 2000). Although 
some bacterial species may be stimulated to overexpress a ferritin-like iron scavenger 
protein (Ilari and others 2002) or superoxide dismutase or catalase to allay oxidative 
stress, some bacterial inactivation processes may denature such proteins. Thus, bacterial 
injury and detection of injured cells are two other challenges encountered in the pathogen 




The isolation, identification, and differentiation of foodborne pathogens continues to be 
more challenging for both food manufacturers and public health agencies because of the 
phenotypic or genotypic heterogeneity of isolates within certain species of pathogenic 
foodborne microorganisms. There is the need for the detection of foodborne pathogens in 
foods because of the stringent regulatory requirements and the pressure on food 
manufacturers to release foods with shorter shelf-lives into commerce. Differentiation of 
isolates of foodborne pathogens is essential for source tracking and identification during 
outbreaks to enable timely response and intervention from public health agencies. 
Differentiation is also essential in order to understand the ecology, virulence, and 
evolutionary relationships among isolates within a particular species of a foodborne 
pathogen so that preventive strategies can be adopted to control contamination of foods. 
Injuries to microorganisms also play a crucial role in the isolation of foodborne 
pathogens from foods and processing environments. The differentiation of viable cells 
from dead or damaged cells further complicates the detection of foodborne pathogens 
since DNA from dead cells can persist in foods or processing environments for a 
longtime and DNA-based methods would likely pick up signals and give false-positive 
results from dead cells. The occurrence of mixed strain or mixed species foodborne 
outbreaks in recent times has prompted the need to develop novel rapid methods that can 
be used to effectively source track foodborne pathogens. This study investigated 
strategies to improve the isolation of injured cells by exploiting delayed addition of 
selective agents via time-delayed release tablets of selective agents to a Listeria recovery 
medium to enable the isolation of injured cells. Rapid growth of cells in a selective 
enrichment medium would shorten the time-to-result to enable real-time testing of foods 
 61 
 
by food manufacturers. This study also investigated the application of Fourier transform 
infrared (FT-IR) spectroscopy and multivariate statistical analysis for the rapid 
differentiation of epidemic clones of L. monocytogenes and their viable compared with 
dead (heat-killed) cells. FT-IR spectroscopy was also applied for the identification of 
different mixed strains, mixed species, individual strains, and different types of injuries in 
Listeria since contamination of foods by individual strains, mixed strains or mixed 
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Listeria selective enrichment media are designed to enhance the isolation of the organism 
and increase the chances of detection. Drawbacks include the requirement for prolonged 
sample incubation (48-72 h) along with the need for manual addition of selective agents, 
which may serve as a source of contamination. Modified Listeria recovery broth (mLRB) 
is a proprietary enrichment medium formulated to facilitate the recovery of injured cells; 
its selective agents are incorporated into a format that targets delayed release until 6 h of 
incubation. We evaluated the change in cell populations over time for acid-injured and 
nitrite-injured Listeria monocytogenes in mLRB with the selective agents added manually 
at 0 h (mLRBS0) and 6 h (mLRBS6). Recovery of injured cells in mLRB plus time-
delayed tablets (mLRBTD) was also compared with that in enrichment media 
recommended by the U.S. Department of Agriculture (University of Vermont broth), U.S. 
Food and Drug Administration (buffered Listeria enrichment broth), and the International 
Organization for Standardization (demi-Fraser broth). Nitrite- or acid-injured Listeria at 
approximately 10 CFU/ml were inoculated into each broth medium, and Listeria 
populations were enumerated at time points between 12 to 48 h of incubation at 37 oC. 
Analysis of variance revealed that acid-injured Listeria populations in mLRBS6 were 
significantly higher (P < 0.05) than those in mLRBS0 at 24 h; however the differences in 
populations on these two media were not significant for nitrite-injured cells. Cell 
populations of four individual strains of Listeria inoculated into mLRBTD were 
significantly higher than when those strains were enriched in buffered Listeria 
enrichment broth, demi-Fraser broth, and the University of Vermont broth at 24 h. 
Comparison between artificially contaminated milk and meat samples with a four-strain 
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cocktail of Listeria resulted in cell populations that were significantly higher (P < 0.05) 
for mLRBTD for contaminated meat than mLRBTD for contaminated milk at 24 h. 
Delivery of selective agents via time-delayed release tablets into mLRB maximizes 

















Listeria monocytogenes is a notable foodborne pathogen (Drevets and Bronze 2008) that 
has been implicated in many outbreaks of foodborne illness in the United States ((CDC) 
2013) and worldwide (Vazquez-Boland and others 2001b). Listeriosis, the disease caused 
by L. monocytogenes, has a fatality rate of 20 to 30% (Swaminathan and Gerner-Smidt 
2007). The United States maintains a zero-tolerance regulatory policy for L. 
monocytogenes in ready-to-eat (RTE) foods (Gasanov and others 2005). The European 
Union (Commission 2005) permits up to 100 CFU/25 g of food but maintains a zero-
tolerance policy for foods meant for consumption by infants and high-risk groups and 
foods that support the growth of this pathogen. The method prescribed by the 
International Organization for Standardization for L. monocytogenes testing (EN ISO 
11290-1) had an overall sensitivity of 85.6% and a specificity of 97.4% in a challenge 
study using inoculation levels ranging from 5 to 100 CFU/25 g of fresh cheese, minced 
beef, and dried egg powder (Scotter and others 2001). L. monocytogenes detection 
improved in most cases after primary enrichment (Scotter and others 2001), and 
secondary enrichment can further improve results (Pritchard and Donnelly 1999). 
However, traditional selective enrichment methods may take between 48 to 72 h 
(Gasanov and others 2005) for the few cells present in a sample (Bruhn and others 2005; 
Olsen and others 2005) to be amplified to higher numbers. Failure of Listeria to grow 
during the enrichment step results in false-negative tests, release of contaminated food 
products into commerce, and consequently outbreaks and food product recalls.  
Bacterial isolation is often complicated by sublethal injury, which results from exposure 
of cells to certain stresses in the food or food processing environments, which may cause 
transient or permanent damage to certain cell components or some loss of cell function 
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(Gilbert 1984). Preservatives, pH, sanitizers, acids, bases, bioactive antimicrobial 
peptides, ecological competition, and presence of innate or supplemental antimicrobial 
compounds have been known to cause varying degrees of injury to microbial cells 
(Archer 1996; Miller and others 2000; Sallam 1992). Of relevance to this study is injury 
as a consequence of the use of 1 % acetic or lactic acid in the decontamination of beef 
carcasses (Dickson 1994a), and the U.S. Department of Agriculture (USDA) approval for 
usage of 100 to 200 ppm of sodium nitrite (NaNO2) and ≤ 500 ppm of sodium nitrate 
(NaNO3) in cured meats (Sciences 1982). In bacterial cells, sublethal injury may affect 
metabolic pathways, alter structural components of cells, and hamper physiological and 
biosynthetic activities necessary for cell division or growth. Metabolic injury is manifest 
as the temporary inability of cells to grow on defined minimal media (Gilbert 1984) 
unless resuscitated (Pomposiello 2001), whereas structural injury is marked by failure of 
cells to survive in media containing selective agents (Ray 2001b; Semanchek 1998). 
Acriflavin and nalidixic acid are incorporated into all standard procedures for Listeria 
isolation in order to inhibit background flora (Gasanov and others 2005) because Listeria 
species may grow slowly in the presence of and/or may be outcompeted by background 
contaminants (Welshimer 1981). Therefore, selective enrichment and recovery of injured 
cells are two critical considerations in any medium used for isolating Listeria from food 
or environmental samples. Standard enrichment procedures are used as reference 
methods for regulatory purposes or validation of new methods. Selective enrichment 
methods are time-consuming and a long time may be needed to isolate the organism 
(Gasanov and others 2005). The U.S. Food and Drug Administration (FDA), the ISO, and 
the USDA protocols are some of the common traditional reference methods used. Some 
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traditional enrichment media may have longer incubation times and higher likelihood of 
false negative results (Pritchard and Donnelly 1999; Restaino and others 1999), probably 
due to the inhibition of severely injured cells by selective agents added to isolation 
media. Although the addition of selective agents later in the incubation process aids in the 
recovery of injured cells and thus their detection, this process can be time-consuming and 
labor-intensive. Manual addition of the selective agents may also serve as a source of 
contamination.  
This study was conducted to investigate a proprietary enrichment medium called 
modified Listeria enrichment broth (mLRB) in which the selective agents are delivered as 
time-delayed release tablets (Xia 2010) to address most of the deficiencies associated 
with traditional media. Delayed-addition of selective agents could maximize the isolation 
of severely-injured cells by allowing repair time for injured-cells and consequently 
minimize the probability of false-negative results. The mLRB is formulated to enhance 
recovery and support rapid growth of injured L. monocytogenes cells and could make 
real-time testing possible by decreasing the incubation times in the conventional media. 
The objectives of this study were to: (i) ascertain whether changes in  L. monocytogenes 
populations over time are similar  for mLRBM6 (mLRB plus manual delivery of 
selective agents at 6 h of incubation), mLRBA6 (mLRB plus delivery of selective agents 
via auto-mix tablets at 6 h of incubation), and mLRBTD (mLRB plus delivery of 
selective agents via time-delayed release tablets) methods; (ii) test the hypothesis that 
delayed addition of the selective agents (5 to 6 h) to mLRB enhances the recovery of 
stressed L. monocytogenes; and (iii) compare the change in L. monocytogenes 
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populations over time for the recovery of stressed cells in mLRBTD and in the ISO, 
USDA, and FDA reference enrichment media.   
Materials and Methods 
Listeria monocytogenes. Strains FSL R2-764, FSL R2-499, F5069 and F5027 were 
selected for this study because of their epidemiological significance. Strains FSL R2-764 
(serotype 4b; an outbreak strain isolated from turkey deli meat) and FSL R2-499 
(serotype 1/2a; an outbreak strain isolated from turkey deli meat) ([CDC] 2000; Hise 
2004) were obtained from the ILSI Listeria monocytogenes Strain Collection (Fugett and 
others 2006), whereas strains F5069 (serotype 4b /ATCC 51414) and F5027 (serotype 1a, 
a raw milk isolate) were obtained from the Centers for Disease Control and Prevention, 
Atlanta, GA. All L. monocytogenes strains were stored as frozen stock cultures at -70 oC 
in sterile Microbank vials (Pro-Lab Diagnostics, Richmond Hill, Ontario, Canada) 
containing porous beads. Frozen L. monocytogenes strains were activated by inoculating 
a test tube containing 9 ml of Trypticase soy broth (TSB) supplemented with 0.6% yeast 
extract (TSBYE; BD, Sparks, MD) with one of the porous beads from the frozen stock 
cultures and incubating at 37 oC for 22 to 24 h. After a second transfer and incubation in 
fresh TSBYE, samples of the culture were taken for serial dilution in Butterfield’s 
phosphate buffer (BPB) (Weber Scientific, Hamilton, NJ) and enumeration. Enumeration 
of viable and cultivable cells was done on aerobic count PetrifilmTM (3M Food Safety 
Department, St Paul, MN) after incubation at 37 oC for 48 h.           
Nitrite-induced stress. Although the regulatory limit for nitrite permitted in foods is 100 
to 200 ppm, approximately 300 ppm nitrite was used in this study to ensure that the 
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majority of L. monocytogenes cell populations were injured. The L. monocytogenes 
strains used in this study have had variable susceptibility to similar concentrations of 
nitrite (Nyachuba and others 2007); therefore, the nitrite level was increased to maximize 
injury within the cell populations. The nitrite stress step involved modification of 
methods previously described by Nyachuba et al. (Nyachuba and others 2007). A 99 ml 
aliquot of TSB plus 5 % of sodium chloride (NaCl; Fisher Scientific, Fair Lawn, NJ) was 
adjusted to pH 5.6 with lactic acid (Acros Organics, NJ, USA) and autoclaved, and 1 ml 
of filter-sterilized (0.25-µm pore size; Fisher Scientific) 0.03 g/ml stock solution of 
NaNO2 (ScienceLab.com, Inc., Houston, TX) was added to obtain approximately 300 
ppm of nitrite solution. A thoroughly vortexed L. monocytogenes culture (1 ml) was 
added to the TSBYE containing nitrite at ambient temperature and vortexed, and the cells 
were exposed to this nitrite solution for 60 min. Injury was stopped by quickly vortexing 
and suspending 1 ml of injured cells in 9 ml of BPB adjusted to approximately pH 7.2. 
This BPB culture was used to determine the percentage of injured cells and to inoculate 
the recovery broths. 
Acid-induced injury. L. monocytogenes strains were acid injured through modification 
of a previous procedure (Roth 1996; Silk and others 2002) based on exposure of cells to 
lactic acid. A sterile 99 ml aliquot of TSB was brought to pH 3.0 by adding 2.4 ml of 
13.33mol/liter (1.2g/ml) lactic acid through a sterile syringe filter (0.25-µm pore size), 
and optimal pH was confirmed using a pH meter (Accumet Research, AR15 pH meter, 
Fisher Scientific) at ambient temperature. The thoroughly vortexed L. monocytogenes 
culture (1 ml) was added to the acidified TSB, and the cells were exposed for 35 min to 
achieve injury. Injury was stopped by quickly vortexing and suspending 1 ml of these 
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cells in 9 ml of BPB at pH 7.2. This BPB culture was used to determine the percentage 
injured cells and to inoculate the recovery broths. 
Determination of percentage of injured cells. The Percentage of injured cells was 
determined by comparing cells counts after injury treatments on selective and 
nonselective media (Baylis and others 2000; Brashears and others 2001). The percentage 
of injured cells was estimated through modification of a previous method (Ngutter 2003). 
We used surface plating because cells exposed to acid at pH 3.0 were likely to become 
further stressed from hot molten agar. Cells exposed to nitrite or lactic acid were serially 
diluted in BPB and plated on Trypticase soy agar (TSA) and TSA with NaCl (TSAN). 
The concentration of NaCl used in the previous study (4 %) (Ngutter 2003) was increased 
to 7 % because of the high NaCl tolerance of some of the  L. monocytogenes strains 
selected for this study (Nyachuba and others 2007). The nonselective TSA permits both 
injured and cultivable cells to grow, whereas the selective TSAN permits growth of 
cultivable cells and restricts injured cells. Because only cultivable cells are capable of 
growing on TSAN, the cell count obtained on TSAN was considered the number of 
cultivable cells. Hence, percent injury within the L. monocytogenes populations after 
exposure to acid or nitrite treatments was calculated using cell counts on TSA and TSAN: 
% injury = 1– [TSAN / TSA] x 100. 
                                                                                    
Evaluation of mLRB recovery media. This study was conducted to evaluate the mLRB 
proprietary media (Xia 2010) and its selective agents. The nonselective mLRB powder, 
selective agents, auto-mix tablets, and time-delayed release tablets of the selective agents 
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were donated by the 3M Food Safety Department. The auto-mix tablet is a formulation 
containing the selective agents that effervesces to facilitate instantaneous release of the 
contents of the tablet when it is added to the broth. Differential plating of microorganisms 
injured by exposure to acid, radiation, or heat has indicated a repair time of 4 to 5 h under 
optimal conditions but may be longer for more-severe injuries (Mackey 2000a).The time-
delayed release tablet of the selective agents is formulated so that the contents of the 
tablet is released between 5 and 6 h after addition to the broth. The types of selective 
agents were the same in the auto-mix and time-delayed release tablets. Initial trials 
involved a comparative assessment of change in cell populations over time in mLRB with 
the selective agents delivered at 6 h of incubation via manual addition (mLRBM6), auto-
mix (mLRBA6) and time-delayed release tablets (mLRBTD). The next trial was 
conducted to investigate the effect on L. monocytogenes recovery of the addition of 
selective agents at the start of incubation versus a later time point. The change in cell 
populations over time was compared in mLRB plus the selective agents at 6 h (mLRBS6) 
versus mLRB plus the selective agents at the start (0 h) of incubation (mLRBS0). Table 1 
contains descriptions of the mLRB treatments with different modes of selective agent 
delivery and times of addition. The L. monocytogenes strains were tested individually in 
two independent replicates per injury treatment. Nonselective mLRB (225 ml) in Whirl-
Pak bags (Nasco Laboratory, Fort Atkinson, WI, USA) was used for this study. Six 
Whirl-Pak bags of nonselective mLRB inoculated with L. monocytogenes were used for 
the experiment. The selective agents were manually added to one bag (mLRBS0) and 
time-delayed tablets were added to a second bag (mLRBTD) at the start of incubation at 
37 oC. Auto-mix tablets were added to one bag (mLRBA6) and the selective agents were 
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manually added to two bags (mLRBM6 and mLRBS6) at 6 h, and the last bag was used 
as a nonselective control. Samples from each bag culture were taken at 12, 14, 16, 18, 22, 
24 and 48 h of incubation for serial dilution in BPB. Cell counts for each time point were 
obtained from duplicate plates of the dilution that was readable.  
Table 1: Descriptions of mLRB treatments with different modes of selective agent 
delivery and times of addition 
Treatment                                          Description 
mLRB                        mLRB alone (nonselective) 
mLRBM6                   mLRB plus manual addition of selective agents at 6 h of incubation 
mLRBA6:                   mLRB plus auto-mix tablets of selective agents at 6 h of incubation 
mLRBTD                    mLRB plus time-delayed tablets (content released at 5 to 6 h) of selective agents added at 0 h of 
incubation 
mLRBS0                     mLRB plus manual addition of selective agents at 0 h of incubation 
mLRBS6                     mLRB plus manual addition of selective agents at 6 h of incubation 
 
Comparison of mLRBTD with traditional methods. A comparison of changes in cell 
populations over time in mLRBTD versus the ISO, USDA, and FDA reference media 
was conducted. The FDA method involves an enrichment of food samples in a buffered 
Listeria enrichment broth (BLEB) for 48 h with acriflavin, nalidixic acid, and the 
antifungal cyclohexamide added as selective agents at 4 h of incubation. The ISO method 
involves a two-step enrichment where the food sample is first incubated in demi-Fraser 
broth for 24 h and then an aliquot from the demi-Fraser broth culture is enriched in full-
strength Fraser broth for another 24 h. The USDA protocol, which is often used for 
isolating Listeria from meat, poultry and egg products, involves primary enrichment in 
University of Vermont (UVM) broth containing acriflavin and nalidixic acid for 24 h and 
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secondary enrichment in full-strength Fraser broth for 24 h. The mLRBTD, demi-Fraser 
broth (AES Chemunex, Cranberry, NJ) with selective agents (Difco, BD), BLEB, and 
UVM broth (BD) were prepared following instructions from manufacturers’ protocols, 
and 225 ml of each medium was placed in Whirl-Pak bags. Approximately 10 nitrite-
injured, acid-injured, or non-injured L. monocytogenes cells were inoculated into each 
medium. The L. monocytogenes strains were tested individually in two independent 
replicates per injury treatment. Cultures were incubated at 37 oC, and samples from each 
culture medium were taken at time points between 12 and 48 h for serial dilution in BPB. 
Cell counts for each time point were obtained from duplicate plates of the dilution that 
was readable in each independent replicate. In a second experiment, we evaluated the 
performance characteristics of each of these four media based on the interaction of 
compounds in food matrices with media components. Milk (25 ml; Parmalat UHT milk, 
Schroeder Milk Co., Grand Rapids, MI) and ground beef (25 g; Meadowland Farms, 
Scarborough, ME) samples artificially contaminated with approximately 10 cells from a 
mixed-strain L. monocytogenes cocktail were inoculated into separate Whirl-pak bags 
containing 225 ml of each medium. Two independent replicates were conducted for each 
injury treatment, and cell counts in each medium were obtained at 24 h from duplicate 
plates of the readable dilution in each independent trial.  
 Statistical analysis. Data were analyzed using the SAS system for Windows (version 
9.1.3; SAS Institute Inc., Cary, NC). A three-way analysis of variance (ANOVA) was 
conducted with treatments (no injury, nitrite injury, and acid injury), media, and strains as 
independent variables and log-transformed cell count at various time points as the 
dependent variable. The general linear models procedure (PROC GLM) was used to 
 74 
 
perform an ANOVA to determine whether populations of L. monocytogenes were 
significantly different (P < 0.05) for the various media, and group means were compared 
using pairwise t tests. A factorial mode was used, but a combination of culture medium 
and treatment effects on pathogen population was analyzed for each strain of L. 
monocytogenes separately to establish trends in one analysis. Performance characteristics 
of each medium involved a comparison of cell populations with artificially contaminated 
milk and meat as inocula. Differences in mean cell populations for the two inocula in 
each medium ([d = y1 - y2] and their standard deviations ([Sd = (Sy1 - Sy2)] were 
computed, and the two means were compared at α = 0.05 level using the paired t test. The 
exponential growth rate constant (µ) in each medium was computed using µ = 2.303 
(logN2 - logN1)/ (t2 - t1)], where N2 is cell count at time t2, and N1 is cell count at time t1 
during exponential growth. Cell counts from cultivable cells in each medium between 14 
and 22 h were used to calculate growth rate constants. 
Results 
Acid and nitrite injury. The mean percentage of L. monocytogenes cells that were 
injured by exposure to lactic acid was 100%, indicating that all the viable bacterial cells 
were injured. L. monocytogenes cells exposed to acid injury did not grow on TSAN. The 
percentage of L. monocytogenes cells that were injured by exposure to nitrite was 81.52 ± 
6.04 %, indicating extensive injury within the viable bacterial population. This 
calculation excluded noncultivable or dead L. monocytogenes cells because the study aim 
was to recover injured cells. We used nonselective mLRB to evaluate the effect on cell 
counts of exposure to different stress conditions. Counts for nonstressed, nitrite-injured, 
and acid-injured cells inoculated into nonselective mLRB differed at time points up to 24 
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h (Figure 1), indicating acid and nitrite stress conditions induced different degrees of 
injury in cells. In mLRB inoculated with nonstressed cells, cell counts were consistently 
higher than those in mLRB inoculated with cells exposed to either acid or nitrite injury. 
In mLRB inoculated with nitrite-treated cells, cell counts were higher than those in 
mLRB inoculated with acid-treated cells (Figure 1). Thus, cells exposed to acid injury 
may have longer repair times than cells exposed to nitrite injury. Pairwise comparison of 
cell counts at 24 h for mLRB inoculated with nonstressed, nitrite-injured, and acid-
injured cells revealed that counts for the three treatments were significantly different (P < 
0.05). 
Comparison of methods for selective agent delivery to mLRB cultures. We assessed 
the performance of the time-delayed and auto-mix tablet systems delivery of selective 
agents compared with the outcome of manual addition of selective agents. Changes in 
nonstressed L. monocytogenes populations of all strains in mLRBA6, mLRBM6, and 
mLRBTD treatments (in which selective agent were added after 6 h of incubation) were 
not statistically different at 24 h (P > 0.05) (Figure 2). Similar results, i.e., cell counts in 
mLRBA6, mLRBTD, and mLRBM6 were not significantly different (P > 0.05), were 
found in the acid and nitrite stress models for all strains of L. monocytogenes used in this 
study. 
Effect on cell populations of the addition of selective agents at 0 versus 6 h. We 
investigated the effect of the selective agents alone on cell counts by using nonstressed 
cells of L. monocytogenes as inocula into mLRB with and without the selective agents. 
Comparison of mean cell counts in nonselective mLRB and in mLRB with selective 
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agents added at 0 h (mLRBS0) and 6 h (mLRBS6) revealed that selective agents had an 
effect on
 
cell count. Cells grew rapidly in nonselective mLRB, whereas the addition of 
selective agents to media at the start of incubation or later inhibited growth (Figure 3). 
Nonselective mLRB produced consistently higher cell counts than did mLRB with 
selective agents added. The mean cell counts at 24 h in nonselective mLRB, mLRBS6, 
and mLRBS0 treatments for all strains combined were 9.8 ± 0.24, 8.65 ± 0.24, and 8 ± 
0.24 log CFU/ml, respectively. The cell counts in mLRB, mLRBS0 and mLRBS6 
treatments were similar after 48 h of incubation (Figure 3).  
For acid-injured cells, the mean mLRBS6 cell counts were higher than those for 
mLRBS0 at time points up to 24 h (Figure 4). This difference in counts was significantly 
different (P < 0.05) for all strains except for R2-764, for which the difference was found 
to be not significant (P > 0.05) at 24 h. The mean counts for all strains combined at 24 h 
were 6.03 ± 0.46 log CFU/ml for the mLRBS0 treatment, and 6.80 ± 0.27 log CFU/ml for 
the mLRBS6 treatment. 
 For nitrite-injured cells, the mean cell counts for the mLRBS0 and mLRBS6 treatments 
at 24 h were not significantly different for any of the four strains (P > 0.05). The mean 
counts for all four strains combined at 24 h were 7.55 ± 0.37 log CFU/ml for the 
mLRBSO treatment and 7.91 ± 0.44 log CFU/ml for the mLRBS6 treatment. These 
results support the hypothesis that delayed addition of the selective agents to mLRB 
enhances the recovery of stressed L. monocytogenes cells.     
Comparison of mLRBTD with the ISO, FDA, and USDA media. Recovery in all 
media of pure cultures of L. monocytogenes exposed to nitrite and acid injuries followed 
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a similar trend. Pairwise comparison of cell counts in mLRBTD versus BLEB, mLRBTD 
versus demi-Fraser, and mLRBTD versus UVM broth revealed that mLRBTD counts 
differed significantly (P < 0.05) from those obtained with the  three traditional media as 
indicated by the recovery curves for nitrite- and acid-injury models (Figures 5 and 6, 
respectively). 
Table 2 shows mean cell populations in mLRBTD and the three traditional media at 24 h 
for individual strains exposed to nitrite stress. Counts for strain F5069 were significantly 
lower (P < 0.05) than those for the other strains when grown in demi-Fraser broth, 
indicating higher susceptibility of this strain to nitrite as reported by Nyachuba et al 
(Nyachuba and others 2007). Table 2 also shows mean cell populations in mLRBTD and 
the three traditional media at 24 h for individual strains exposed to acid stress. Counts for 
strain R2-499 was found to be significantly different from those of the other strains at 24 
h in UVM broth.  
Table 3 shows mean L. monocytogenes populations at 24 h in each medium separately 
inoculated with artificially contaminated milk and ground beef samples. The difference in 
mean cell counts for the two inocula was significant (P < 0.05) for mLRBTD. The 
difference was strongly significant (P < 0.05) for acid-injured compared with nitrite-
injured cells in mLRBTD. The three traditional media behaved similarly to mLRBTD for 
both nitrite- and acid-injured L. monocytogenes. Thus, milk and ground beef samples 
have compounds that could directly or indirectly, through interaction with certain 
components of enrichment media, have a positive effect on the growth rate of L. 




The mLRB medium with the time-delayed tablets of selective agents (mLRBTD) 
performed better than any of the traditional media for pure cultures of L. monocytogenes. 
However, BLEB and demi-Fraser performed similarly to mLRBTD when milk or ground 
beef inoculated with L. monocytogenes were cultured on these media. Addition of 
selective agents to the growth medium has an inhibitory effect on nonstressed cells; 
nonselective-mLRB had higher mean cell counts than did media containing selective 
agents (mLRBS0 and mLRBS6). Injury to L. monocytogenes cells also hampers cell 
growth; mean cell counts in nonselective mLRB inoculated with nonstressed cells was 
higher than counts in nonselective mLRB inoculated with either nitrite- or acid-injured 
cells. Hence, the injury status of the L. monocytogenes cells and the selective enrichment 
protocol can have a combined inhibitory effect on cell growth in the Listeria isolation 
medium. The benefit of adding selective agents to Listeria isolation protocols is to inhibit 
growth of background organisms, but in some cases selective agents have had deleterious 
effect on stressed or injured Listeria cells (Donnelly 2002).  
Recovery of nitrite-stressed L. monocytogenes cells was significantly higher than 
recovery of acid-stressed cells. Exposure of cells to low pH may result in damage to RNA 
through sequestration of magnesium (Mg2+), interference with ribosomal assembly and 
protein synthesis (Hurst 1984) , disruption of proton motive force and/or damage to DNA 
(Rowbury 2003). Exposure of L. monocytogenes to approximately pH 3 resulted in most 
of the cells entering a viable-but-non-cultivable state, and such cells had a longer lag 
phase (Hwang 2013). Nitrite may induce cell injury through its reaction with superoxide 
anion by-products from the respiratory process to generate the lethal peroxynitrite in cells 
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(Touati 2000). In L. monocytogenes, the alternative sigma subunit σB is responsible for 
stress regulation, and the consequence of its disruption is decreased resistance to acid and 
osmotic stress (Abee and Wouters 1999). Thus, acid may be more severe than nitrite 
injury, and acid-injured cell must work harder and longer to return to replication 
conditions (Guillier and others 2005). The type of stress L. monocytogenes cells are 
exposed to also affects lag time distribution; lag times were variable when cells were 
exposed to different stress conditions (Guillier and others 2005). 
Cell counts in mLRBM6, mLRBA6, and mLRBTD treatments were not different for the 
nonstressed and nitrite-injured cells. The few aberrations in recovery of acid-injured cells 
of some strains in the mLRBM6 versus mLRBTD treatments could be due to gradient or 
inadequate mixing of selective agents in the broth. Any injured cells that did not survive 
in the broths were not accounted for because the study assumes all cells survived in each 
of the media. A bacterial population subjected to the same stress condition would contain 
a continuum of disparately stressed cells, with severely-injured cells entering into viable-
but-nonculturable state in some cases (Asakura and others 2002). Variability among cells 
in populations of injured bacteria is responsible for repair time and lag phase durations 
(Stephens and others 1997); less severely injured cells are repaired more quickly. Thus, a 
single average repair time might not be a true reflection in an injured population because 
of variability in injury sustained by each cell (Pommepuy and others 1996; Pomposiello 
2001). Hence, differences in cell counts in mLRBM6 and mLRBTD treatments could 
occur as a result of variability in the stress response of individual acid-injured cells. The 
lag time for individual viable and cultivable cells is narrowly distributed, whereas the lag 
time distribution for injured cells is broader (Stephens and others 1997).  
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Comparison of acid-stressed cell counts revealed significantly higher populations for the 
mLRBS6 than the mLRBS0 treatment, indicating that delayed addition of selective 
agents facilitates recovery of injured cells. The exponential growth rate constants per 
hour computed for nonstressed L. monocytogenes in mLRBS0 and mLRBS6 treatments 
were the same, 1.17 ± 0.06. This finding indicates that addition of the selective agents at 
the start of incubation prolonged the lag phase, which might be the main reason for 
differences in cell count because growth rate is constant in the exponential phase. Thus, 
the actual cell count in a medium at any given time is dependent on the lag phase 
duration as well as the exponential growth rate constant. The repair time is dependent on 
the type and severity of injury sustained by cells and the inhibitory effects of the selective 
agents in an isolation medium (Mackey 2000a). Thus, recovery of injured cells in a 
medium in which selective agents are added at the start of incubation involves the 
collective inhibitory effect of injury and selective agents, which may prolong the repair 
time. When addition of selective agents to broths is delayed, injured cells probably 
overcome the inhibitory effects of the injury and become resistant to inhibition by the 
selective agents. Cross protection or stress hardening phenomenon, in which cells that 
recover from exposure to one type of stress develop an adaptive resistance against 
subsequent stresses, has been documented (Bang and Drake 2002; Lou and Yousef 1997; 
Watson 1990).  
The mLRBTD was significantly more effective for the recovery of pure cultures of 
nitrite- and acid-stressed L. monocytogenes than were the traditional media. BLEB (the 
FDA method) was the best traditional medium followed closely by demi-Fraser (the ISO 
method), with UVM (the USDA method) lagging behind. The exponential growth rate 
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constants per hour for nonstressed L. monocytogenes cells were 1.17 ± 0.06 for 
mLRBTD, 0.93 ± 0.07 in BLEB, 0.95 ± 0.01 in demi-Fraser broth, and 0.88 ± 0.03 in 
UVM broth. Recovery of acid-injured cells indicates that mLRBTD and BLEB cultures, 
both with time-delayed addition of selective agents, might have reached exponential 
phase earlier than did cultures in demi-Fraser and UVM broths. Although growth rate 
constants in BLEB, demi-Fraser and UVM broths are not significantly different, the 
difference in the cell counts at 24 h could be due to the effect of compounds in each 
medium.  
A broth medium for real-time identification of injured Listeria cells in foods must have a 
combination of shorter repair time and higher exponential growth rate constant for cell 
counts to reach detection sensitivity of 105 CFU/ml (Gasanov and others 2005) in a short 
incubation time. The results obtained when artificially contaminated milk and meat 
samples were used as inocula into the media tested indicate that food matrices have an 
effect on L. monocytogenes growth. For acid-injured cells, meat cultures had higher 
populations than did milk cultures, possibly because of the iron in meat. Overexpression 
of ferritin, a protein used for the acquisition of iron, in stressed L. monocytogenes has 
been reported (Hebraud and Guzzo 2000). The higher cell populations in the meat 
samples could also be due to unknown interactions between compounds in meat and the 
various enrichment media.  
In conclusion, time-delayed addition of selective agents could enhance the recovery of 
acid- or nitrite-injured L. monocytogenes. UVM broth, which is designed to have the 
selective agents delivered at the start of incubation, did not support growth of injured 
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strain R2-499 implicated in a turkey deli meat outbreak (Ngutter 2003; Silk and others 
2002) and has produced high numbers of false-negatives results (Nyachuba and others 
2007). A study of the recovery of L. monocytogenes exposed to a combined injury 
involving heat and cold shocks revealed that the FDA method produced better recovery 
than the USDA and ISO methods in the first 24 h, but the USDA had a better recovery at 
48 h (Lee and others 2011) possibly because the FDA medium had reached its maximum 
population and cells were dying off. The FDA method also involves delayed addition of 
the selective agents to allow for the repair of stressed Listeria cells.  
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Figure Legends.  
Figure 1: Change in populations of nonstressed, nitrite-injured, and acid-injured Listeria 
monocytogenes (strains R2-499, R2-764, F5027, F5069) over time in nonselective 
mLRB. Values are means (n=8) with standard errors of means (SEM; error bars).  
Figure 2: Change in populations of nonstressed Listeria monocytogenes (strains R2-499, 
R2-764, F5027, F5069) over time in mLRB with selective agents added manually 
(mLRBM6), mLRB plus auto-mix tablets of selective agents (mLRBA6), and mLRB plus 
time-delayed tablets of selective agents (mLRBTD) at 6 h of incubation. Values are 
means (n=8) with standard errors of means (SEM; error bars).  
Figure 3: Change in Listeria monocytogenes (strains R2-499, R2-764, F5027, F5069) 
populations over time in nonselective mLRB (mLRB), and mLRB plus selective agents at 
0 h (mLRBS0) and mLRB plus selective agents at 6 h (mLRBS6). Values are means 
(n=8) with standard errors of means (SEM; error bars). 
Figure 4: Change in populations of acid-injured Listeria monocytogenes (strains R2-499, 
R2-764, F5027, F5069) over time in mLRB with selective agents added at 0 h (mLRBS0) 
versus 6 h (mLRBS6). Values are means (n=8) with standard errors of means (SEM; 
error bars). 
Figure 5: Change in populations of nitrite-stressed Listeria monocytogenes (strains R2-
499, R2-764, F5027, F5069) over time in 3M (mLRBTD), ISO (demi-Fraser broth), FDA 
 90 
 
(BLEB), and USDA (UVM broth) methods. Values are means (n=8) with standard error 
of means (SEM; error bars). 
 
Figure 6: Change in populations of acid-injured Listeria monocytogene (strains R2-499, 
R2-764, F5027, F5069) in 3M (mLRBTD), ISO (demi-Fraser broth), FDA (BLEB), and 
USDA (UVM broth) methods. Values are means (n=8) with standard errors of means 


















Table 2:Recovery of nitrite- and acid-stressed Listeria monocytogenes populations 
(strains R2-499, F5069, F5027, R2-764) after 24 h in BLEB, UVM broth, demi-Fraser 
broth, and mLRBTD. 
                                                     Recovered population (mean ± SEM, log CFU/ml)a 
  Strain                      BLEB                UVM               Demi-Fraser            mLRBTD 
Nitrite stressed 
R2-499                    6.57 ± 0.29        5.15 ± 0.29          6.36 ± 0.34             8.05 ± 0.48 
F5069                     6.41 ± 0.08         4.69 ± 0.01          4.39 ± 0.31b            7.52 ± 0.04 
F5027                     7.48 ± 0.40         5.62 ± 0.04          6.06 ± 0.10             8.33 ± 0.15 
R2-764                   6.02 ± 0.48         5.00 ± 0.04           6.45 ± 0.09            8.21 ± 0.32 
Acid stressed 
R2-499                   5.18 ± 0.41         2.25 ± 0.23b         4.59 ± 0.14             6.86 ± 0.26 
F5069                    4.82 ± 0.06          0.70 ± 0.23          5.39 ± 0.08             7.08 ± 0.04 
F5027                    5.33 ± 0.31          0.90 ± 0.23          4.23 ± 0.28             7.65 ± 0.60 




 Listeria monocytogenes at approximately 10 CFU/ml was inoculated into each recovery 
medium                               
b










Table 3:Recovery of nitrite- and acid-stressed Listeria monocytogenes populations 
(mixed strains) after 24 h in BLEB, UVM broth, demi-Fraser broth, and mLRBTD 
inoculated with artificially contaminated milk and meat.  
                                           Recovered population (mean ± SEM, log CFU/ml)a  
                                   Nitrite injury                                      Acid injury 
                            Milk                Meat                            Milk                    Meat 
mLRBTD         8.45 ± 0.15       8.92 ± 0.03b              5.12 ± 0.07        8.22 ± 0.13c       
BLEB               7.74 ± 0.03       8.48 ± 0.16b              5.28 ± 0.10        8.18 ± 0.01c 
Demi-Fraser     7.60 ± 0.07       8.30 ± 0.05b              5.18 ± 0.01        7.94 ± 0.03c 
UVM               6.69 ± 0.07        7.09 ± 0.04b               3.58 ± 0.13        4.22 ± 0.03c 
a
 Listeria monocytogenes at approximately 10 CFU/ml was inoculated into each recovery 
medium. For each injured cell type (nitrite or acid) and each medium, means for cultures 
inoculated with milk were compared with those of cultures inoculated with meat.                                              
b
 Within injury type, means for milk and meat samples are significantly different.                                             
c
 Within injury type, means for milk and meat samples are strongly significantly 
















Figure 1: Change in populations of nonstressed, nitrite-injured, and acid-injured Listeria 
monocytogenes (strains R2-499, R2-764, F5027, F5069) over time in nonselective 







































Figure 2: Change in populations of nonstressed Listeria monocytogenes (strains R2-499, 
R2-764, F5027, F5069) over time in mLRB with selective agents added manually 
(mLRBM6), mLRB plus auto-mix tablets of selective agents (mLRBA6), and mLRB plus 
time-delayed table tablets of selective agents (mLRBA6), and mLRB plus time-delayed 
tablets of selective agents (mLRBTD) at 6 h of incubation. Values are means (n=8) with 



































Figure 3: Change in Listeria monocytogenes (strains R2-499, R2-764, F5027, F5069) 
populations over time in nonselective mLRB (mLRB), and mLRB plus selective agents at 
0 h (mLRBS0) and mLRB plus selective agents at 6 h (mLRBS6). Values are means 


































               
 
Figure 4: Change in populations of acid-injured Listeria monocytogenes (strains R2-499, 
R2-764, F5027, F5069) over time in mLRB with selective agents added at 0 h (mLRBS0) 




































Figure 5: Change in populations of nitrite-stressed Listeria monocytogenes (strains R2-
499, R2-764, F5027, F5069) over time in 3M (mLRBTD), ISO (demi-Fraser broth), FDA 
(BLEB), and USDA (UVM broth) methods. Values are means (n=8) with standard error 
































                   
Figure 6: Change in populations of acid-injured Listeria monocytogene (strains R2-499, 
R2-764, F5027, F5069) in 3M (mLRBTD), ISO (demi-Fraser broth), FDA (BLEB), and 
USDA (UVM broth) methods. Values are means (n=8) with standard errors of means 






























Chapter 3: Rapid differentiation of Listeria monocytogenes epidemic clones III and 
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Abstract: The objectives of this study were to determine if Fourier transform infrared 
(FT-IR) spectroscopy and multivariate statistical analysis (chemometrics) could be used 
to rapidly differentiate epidemic clones (ECs) of Listeria monocytogenes, as well as their 
intact compared with heat-killed populations. FT-IR spectra were collected from dried 
thin smears on infrared slides prepared from aliquots of 10 µl of each L. monocytogenes 
epidemic clones (ECIII: J1-101 and R2-499; ECIV: J1-129 and J1-220), and also from 
intact and heat-killed cell populations of each EC strain using 250 scans at a resolution of 
4 cm-1 in the mid-infrared region in a reflectance mode. Chemometric analysis of spectra 
involved the application of the multivariate discriminant method for canonical variate 
analysis (CVA) and linear discriminant analysis (LDA). CVA of the spectra in the 
wavelength region 4000 to 600 cm-1 separated the EC strains while LDA resulted in a 
100% accurate classification of all spectra in the data set. Further, CVA separated intact 
and heat-killed cells of each EC strain and there was 100% accuracy in the classification 
of all spectra when LDA was applied. FT-IR spectral wavenumbers 1650 to 1390 cm-1 
were used to separate heat-killed and intact populations of L. monocytogenes. The FT-IR 
spectroscopy method allowed discrimination between strains that belong to the same 
epidemic clone. FT-IR is a highly discriminatory and reproducible method that can be 
used for the rapid subtyping of L. monocytogenes, as well as for the detection of live 
compared with dead populations of the organism.   
Keywords: Fourier transform infrared (FT-IR) spectroscopy, Listeria monocytogenes, 




Practical application: Fourier transform infrared (FT-IR) spectroscopy and multivariate 
statistical analysis can be used for L. monocytogenes source tracking and for clinical case 
isolates comparison during epidemiological investigations since the method is capable of 
differentiating epidemic clones and it uses a library of well-characterized strains. The FT-
IR method is potentially less expensive and more rapid compared to genetic subtyping 
methods, and can be used for L. monocytogenes strain typing by food industries and 
public health agencies to enable faster response and intervention to listeriosis outbreaks. 
FT-IR can also be applied for routine monitoring of the pathogen in food processing 
plants and for investigating post-processing contamination because it is capable of 













Listeria monocytogenes is a foodborne pathogen that causes listeriosis, a severe invasive 
illness with an associated 20 to 30% case fatality rate in immunosuppressed individuals 
(Swaminathan and Gerner-Smidt 2007). Although listeriosis is rare, it is associated with 
one of the highest hospitalization rates (91%) among all foodborne illnesses (Jemmi and 
Stephan 2006). The United States maintains a regulatory policy of zero-tolerance for L. 
monocytogenes in ready-to-eat foods (Gasanov and others 2005). Thus, the presence of ≥ 
1 CFU per 25 g of ready-to-eat food results in a recall, which presents adverse economic 
consequence for food manufacturers.  
Different molecular subtyping methods have been used to detect, source track, and 
subtype strains of L. monocytogenes that have caused outbreaks (Graves and others 
2005). L. monocytogenes is a genetically heterogeneous species (Ragon and others 2008) 
that represent four major phylogenetic lineages (Ward and others 2008). L. 
monocytogenes isolates consist of 13 serotypes based on differences in their somatic (O) 
and flagella (H) antigens (Nadon and others 2001), but over 90% of cases of human 
listeriosis are attributed to serotypes belonging to lineages I (1/2b and 4b) and II (1/2a) 
(Gray and others 2004). Previous investigations based on pulse field gel electrophoresis 
(PFGE), multilocus enzyme electrophoresis, and ribotyping led to the discovery of a 
genetically similar isolates involved in outbreaks, which were defined as L. 
monocytogenes epidemic clones (ECs) (Chen and others 2007).  
Since then, L. monocytogenes ECs have been defined using multi-virulence-locus 
sequence typing (MVLST) (Knabel and others 2012), which is based on the analysis of 
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six to eight genes (Chen and others 2005). L. monocytogenes ECI, ECII and ECIV are 
lineage I strains which belong to serotype 4b and have caused multiple outbreaks 
(Kathariou 2002; Chen and others 2007). A recent outbreak linked to ready-to-eat meat 
products produced and sold in Canada was caused by L. monocytogenes ECV (Knabel 
and others 2012). Investigation of the listeriosis outbreak in the United States in 2011 
linked to cantaloupe led to the identification of a novel serotype 1/2a outbreak strain and 
two new epidemic clones of L. monocytogenes (Lomonaco and others 2013). Although 
DNA-based subtyping methods are highly discriminatory (Liu 2006), their adoption for 
large-scale and routine screening is difficult because they are time consuming and labor 
intensive (Naravaneni and Jamil 2005) . Also, many DNA-based methods are unable to 
directly differentiate between viable and nonviable cells, making it difficult to distinguish 
a recent from past contamination since DNA markers targeted for the detection of 
pathogenic strains can persist after cell death for several weeks (Nielsen and others 
2007).  
Fourier transform infrared (FT-IR) spectroscopy is a rapid and noninvasive technique that 
is based on vibration of certain functional groups in a sample as the molecules absorb 
infrared energy (Maquelin and others 2002). The FT-IR spectrum collected from a 
particular bacterial species is a fingerprint that represents the biochemical constituents 
(nucleic acids, polysaccharides, proteins, fatty acids) of the cells (Winder and others 
2004; Beekes and others 2007). Thus, the FT-IR spectra generated from a particular 
bacterial species can be used to identify or differentiate it from other species of bacteria. 
A spectral library of well-characterized microbial species or strains is required to enable 
comparison for differentiation or identification of unknown isolates (Rodriguez-Saona 
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and others 2001). FT-IR spectroscopy has been used for the differentiation of pure 
cultures of different bacterial species, foodborne pathogens (Mossoba and others 2003), 
pathogenic and non-pathogenic Escherichia coli (Yang 2002), as well as intact versus 
sonication-injured L. monocytogenes (Lin and others 2004). We investigated the ability 
of FT-IR spectroscopy and multivariate statistical analysis to (i) differentiate L. 
monocytogenes ECIII and ECIV strains; and also (ii) differentiate between viable and 
heat-killed L. monocytogenes populations. 
Materials and Methods 
Bacterial strains and growth 
Listeria monocytogenes ECIII strains FSL J1-101 (a serotype 1/2a human isolate from a 
1988 sporadic case in the United States linked to a turkey frank) and R2-499 (a serotype 
1/2a human isolate from a 2000 United States turkey deli meat outbreak), and ECIV 
strains J1-129 (human isolate from a 1989 patè outbreak in the United Kingdom) and J1-
220 (isolate from a 1979 vegetable-related outbreak in Boston, Massachusetts) (Chen and 
others 2007) were provided by Dr. Stephen Knabel, The Pennsylvania State University. 
Prior to sample preparation, cultures were activated by transferring a bead from frozen 
stocks of each L. monocytogenes strain in sterile Microbank vials (Pro-Lab, Richmond 
Hill, Ontario, Canada) kept at -70 oC into separate 10 ml aliquots of Trypticase soy broth 
(Becton, Dickinson and Company, Sparks, Md., U.S.A.) supplemented with 0.6% yeast 
extract (TSBYE) and incubated at 37 oC for 18 to 20 h. Second transfer cultures in 




Sample preparation and FT-IR spectral data collection 
We investigated whether FT-IR spectroscopy and multivariate statistical analysis has the 
ability to differentiate epidemic clones (ECIII and ECIV) of L. monocytogenes. One ml 
aliquots of cultures of each strain were centrifuged (MiniSpin Plus eppendorf, Hamburg, 
Germany) at 6,000 g for 10 min and the supernatant discarded and the cells washed three 
times with 1 ml Butterfield’s phosphate buffer (BPB) (Weber Scientific, Hamilton, N.J., 
U.S.A.) to remove the media matrix. The resultant cells were suspended in 100 µl of 
BPB, thoroughly vortexed, and aliquots of 10 µl transferred onto MirrIR low-e 
microscope slides (Kevley Technologies, Chesterfield, Ohio, U.S.A.) to prepare thin 
smears of cells of about 5-mm diameter. Preparation of smears was conducted in a 
laminar flow hood. Serial dilutions of samples from 100 µl of cell suspensions in BPB for 
each L. monocytogenes strains were performed in BPB and plated on aerobic count 
PetrifilmTM (3M Microbiology, St. Paul, Minn., U.S.A.) with incubation at 37 oC for 48 h 
to enumerate cells. Food processing methods, such as pasteurization, are used to 
inactivate L. monocytogenes or other bacterial populations that might be present in food. 
Most genetic subtyping or detection methods would likely pick up DNA markers from 
dead cells that might be present in a particular food if used for source tracking of L. 
monocytogenes post-processing contamination.  Hence, it is important to be able to 
distinguish viable from dead (heat-killed) populations in order to establish post-
processing contamination. FT-IR spectroscopy was successfully used to detect sublethal 
heat injury in Salmonella enterica serotype Typhimurium and L. monocytogenes (Al-
Qadiri and others 2008).We investigated whether FT-IR spectroscopy and chemometrics 
could discriminate between intact and heat-killed L. monocytogenes populations. Intact 
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cells were prepared by artificially inoculating separate tubes containing 10 ml aliquots of 
pasteurized apple juice (Ernies Berry, Roslyn, N.Y., U.S.A.) with 100 µl of cell 
suspensions in BPB of each L. monocytogenes strain, and incubating at room temperature 
for 1 h. An assessment of heat-resistance within diverse L. monocytogenes strains in a 
continuous-flow heating system revealed that high-temperature, short-time pasteurization 
(approximately 72 oC for 15 s) was sufficient to inactivate the most heat-resistant L. 
monocytogenes strain (van der Veen and others 2009). Heat-killed cell preparation 
involved artificially inoculating 100 µl of cell suspensions in BPB for each L. 
monocytogenes strain into separate tubes containing 10 ml of apple juice which were 
placed in a water bath (Precision Instruments, Des Plaines, Ill. U.S.A.) equilibrated to 
71.7 ± 0.2 oC (DiGi-Sense thermometer); the tubes were vortexed for approximately 10 
to15 s, immediately put back in the water bath for the temperature to come-up to 71.7 oC 
and heated for 20 s. The tubes were immediately taken out of the water bath and cooled 
on ice for 5 min and then at ambient temperature for about 20 min.  One ml aliquots from 
the cell preparations were centrifuged and washed three times and the resultant cells 
suspended in 100 µl of BPB. Tubes containing cell suspensions were thoroughly vortexed 
and aliquots of 10 µl were transferred to prepare thin smears of cells of about 5 mm 
diameter on MirrIR lowe-e microscope slides, which were dried in a laminar flow hood at 
ambient temperature for about 2 h prior to FT-IR spectral collection. FT-IR spectra were 
collected using an infrared microscope (Bruker Hyperion-3000) with a Tensor T27 FT-IR 
spectroscope (Bruker Optics, Billerica, Mass., U.S.A.). The FT-IR spectroscope detector 
was cooled using liquid nitrogen for about 20 min before spectra were collected using 
250 scans at a resolution of 4 cm-1 in the mid-infrared wavelength region (4000 to 400 
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cm-1) with a 15x infrared objective in reflectance mode at ambient temperature. A 
background spectrum was taken from a blank slide and each sample spectrum obtained 
by performing a background subtraction from a single-beam spectrum. Four independent 
replicates were conducted for each L. monocytogenes EC, with 10 spectral readings 
collected from each slide, resulting in 40 spectra per treatment. 
Spectral preprocessing and chemometrics 
Preprocessing involved spectral baseline correction, normalization to offset differences in 
spectral signal due to sample thickness (Janbu and others 2008), and first derivative 
transformation to separate overlapping bands and to maximize differences in spectral 
features (Naumann and others 1991) using the OPUS 7.0 software (Billerica, Mass., 
U.S.A.). FT-IR spectra were converted into data point table (dpt) files and multivariate 
statistical analysis of spectra was carried out using the Trident identification software 
(QuantaSpec Inc., Essex Junction, Vt., U.S.A.). FT-IR Spectra were analyzed using the 
multivariate method of discriminant analysis, which is analogous to Principal component 
analysis (PCA) and has been used for bacterial differentiation (Mouwen and others 
2005). The FT-IR spectral wavenumbers in the region 4000 to 600 cm-1 were analyzed 
using multivariate discriminant analysis to reduce the multi-dimensionality of the data set 
into its most significant scores. This minimized the within-group variance while the 
between-groups variance was maximized in a stepwise manner within the 95% 
confidence interval (Kemsley 1998). The wavelength range 1800 to 1300 cm-1and the 
fingerprint region (1300 to 900 cm-1) have been used for bacterial differentiation (Al-
Qadiri and others 2006). The wavelength region 1650 to 1300 cm-1 was used for the 
differentiation of intact versus (heat-killed) dead populations of L. monocytogenes. 
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Canonical score plot based on the two most significant variates were used to generate a 
two-dimensional graphical representation that captured the separation of strains. Linear 
discriminant analysis (LDA) was applied such that the linear distance between means of 
two strains represented the Mahalanobis distance (D). The D for two groups with mean 
vectors xi and xj, was calculated as   
                                     D = ((xi – xj) S-1(xi – xj)T)0.5  
where S was the pooled estimate of the within-group covariance matrix and T was the 
transpose (Kemsley 1998). Thus, the Mahalanobis distance was the distance between 
groups in within-group standard deviation units. A cross validation approach, which 
involved leaving out the identity of one sample spectrum in the data set and running the 
discriminant analysis to calculate new canonical variates and classifying the left out 
spectrum, was performed. The spectral identity was replaced and the identity of the next 
spectrum left out and the discriminant analysis carried out to classify the left out 
spectrum. This was done to classify each sample spectrum in the data set.  
Results and Discussion 
Differentiation of L. monocytogenes ECIII and ECIV strains 
The mean cell counts (log CFU/ml ± standard errorr of mean) obtained for the L. 
monocytogenes strains in 100 µl of BPB were 10.48 ± 0.07 for J1-101, 9.85 ± 0.04 for 
R2-499, 10.38 ± 0.04 for J1-220, and 10.66 ± 0.01 for J1-129. First derivative FT-IR 
spectra obtained from the L. monocytogenes epidemic clones J1-101, J1-129, J1-220 and 
R2-499 are shown in Figure 1. Stretching vibrations and deformation of polar functional 
groups found in the biochemical constituents of cells of the L. monocytogenes EC strains 
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were responsible for the spectral features (Winder and others 2004). The prominent 
spectral peaks are O-H stretch of water (approximately 3400 cm-1), C-H asymmetric 
stretches of methyl (CH3) (approximately 2960 cm-1) and methylene (CH2) groups 
(approximately 2929 cm-1), and C-H symmetric stretches of CH3 (approximately 2875 
cm-1) and CH2 groups (approximately 2850 cm-1) (Maquelin and others 2002; Lin and 
others 2005). The C=O stretching vibration of esters (approximately 1740 cm-1) and 
asymmetric stretching vibrations of CH3 and CH2 are due to the absorption by fatty acid 
residues found in the cell wall and cell membrane (Kansiz 1999). The wavelength range 
1800 - 1300 cm-1 consists of C=O stretching (approximately 1650 cm-1) (amide I band) 
and N-H deformation (approximately 1540 cm-1) (amide II band) of amides of proteins 
(Lin and others 2004), and CH3 (approximately 1455 cm-1) and CH2 (approximately 1398 
cm-1) symmetric and asymmetric bending of proteins, respectively (Kansiz 1999; Lin and 
others 2004). The wavelength range 1300 to 900 cm-1, called the fingerprint region 
(Goodacre and others 1996; Al-Qadiri and others 2006), consists of P=O asymmetric and 
symmetric stretches of the phosphodiester backbones of DNA at approximately 1242 cm-
1
 and RNA at approximately 1080 cm-1, and C-O-C stretching vibrations of 
polysaccharide components of cell wall (Lin and others 2004).  
The ostensible features that distinguish between the FT-IR spectra for the EC strains of L. 
mononcytogenes occur in two wavelength regions, 1800 to 1300 cm-1 and 1300 - 600 cm-
1
. The amide I and amide II band of proteins at wavenumbers approximately 1650 cm-1 
and approximately 1540 cm-1, and asymmetric and symmetric deformations of methyl 
and methylene of proteins at approximately 1455 cm-1 and approximately 1398 cm-1 are 
the most visually prominent features that show differences between the spectra for the 
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four strains as shown in Figure 1. Thus, there are differences between the entire protein 
compositions of cells of the EC strains, and that is the basis for spectral differences in the 
protein absorption region between the spectra for the strains. The FT-IR spectral patterns 
for the two ECIII strains (J1-101 and R2-499) are somewhat visually similar at 
wavenumbers between approximately 1455 to 1200 cm-1 while that of the two ECIV 
strains (J1-129 and J1-220) are also to some extent visually similar. The ECIII strains 
belong to serotype 1/2a, whereas the ECIV isolates belong to serotype 4b. The spectral 
pattern obtained for each strain is visually distinct from that of the other strains in the 
wavelength range 1300 to 900 cm-1 (fingerprint region) as shown in Figure 1, indicating 
that there are differences in the nucleic acids (DNA and RNA), cell membrane, and cell 
wall peptidoglycan constituents (Goodacre and others 1996; Lin and others 2004) of the 
four strains. The essence of applying multivariate statistical analysis was to amplify the 
discriminant features of spectra from the different strains to enable differentiation (Lin 
and others 2005). The results obtained from the discriminant analysis indicate that there 
exist differences in the biochemical constituents of the cells of the four L. monocytogenes 
strains.        
The CVA of first derivative FT-IR spectra in the region 4000 to 600 cm-1 resulted in the 
separation of the four strains within the 95% confidence interval as shown in the two-
dimensional graphical representation of the canonical score plot using the first two 
significant variates in Figure 2. The Mahalanobis distances obtained from comparisons of 
between-groups means in the LDA for the four strains are shown in Table 1. The 
Mahalanobis distance (D) between strains J1-101 (ECIII) and J1-129 (ECIV) was shorter 
compared to that between J1-101 (ECIII) and R2-499 (ECIII), with the means of strains 
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J1-101 and J1-129 occurring at the upper right side of the quadrant in Figure 2. It must be 
noted that the greater the D between two groups, the greater the statistical difference 
between them. Thus, although the two ECIII strains might have genetically similar 
virulence genes based on MVLST analysis, there was a difference in the biochemical 
constituents of their cells, and this was also true for the two ECIV strains. The cross 
validation analysis resulted in 100% accuracy of classifying all the sample spectra in the 
data set to their correct groups when LDA was applied. This approach thus proves that 
variations that might be due to experimental conditions or naturally occurring differences 
have negligible effects on FT-IR spectra.  
The wavelength region 1800 to 1300 cm-1 contains biochemical information from 
proteins (amide I and II bands) found in L. monocytogenes, and Davis and Mauer (2011) 
have used this region for L. monocytogenes serotyping. Analysis of second derivative FT-
IR spectra in the wavelength region 1700 to 750 cm-1 using Principal component analysis 
(PCA) and CVA resulted in a 100% correct clustering of L. monocytogenes at the 
haplotype level (Davis and Mauer 2011). Previous studies have confirmed that the PCA 
and CVA approach provided 100% accuracy in discriminating the pathogenic 
Escherichia coli O157:H7 from other E. coli strains on apple surfaces (Yang 2002). 
Although epidemic clones of L. monocytogenes are closely related, FT-IR spectroscopy 
has the ability to differentiate them based on the biochemical differences found in the 
cells of the strains.   
Differentiation of live and dead populations 
Figure 3 contains first derivative FT-IR spectral comparison between intact and heat-
killed populations of L. monocytogenes ECIII and ECIV strains. The amide I 
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(approximately 1650 cm-1), amide II (approximately 1540 cm-1), CH3 (approximately 
1452 cm-1) and CH2 (approximately 1391 cm-1) vibrations of proteins in the FT-IR 
spectra collected from heat-killed cell populations were the most prominently changed 
features  compared to the corresponding spectra for the intact cells. The wavelength 
region 1,300 to 600 cm-1 also shows significant changes in the FT-IR spectra for heat-
killed populations as shown in Figure 3. The discrimination of intact and heat-killed L. 
monocytogenes populations is based on detecting changes in spectral features due to 
effects of heat on biochemical constituents of the cells. The spectra for each heat-killed 
EC strains were distinctly different from that of the corresponding intact cells in the 
wavelength region 1800 to 800 cm-1.    
The spectral changes were likely due to disrupted higher-level organizational structures 
of biochemical constituents of cells because lethal thermal treatment affects the 
physiology and structure of bacteria (Day and others 2002). Higher temperatures may 
cause damage to proteins and lipids found in the cell wall of bacteria, and may alter 
membrane fluidity which results in the collapse of cell membrane and consequently cell 
disintegration or lysis (Atlas 1998). The effects of thermal treatment on bacterial cells 
include denaturation of proteins, enzymes, nucleic acids, and physical damage to protein 
and lipid components of the cell membrane (Kobayashi and others 2005). Thus, 
denaturation of proteins resulted in the changes in the spectral patterns observed in the 
heat-killed populations of L. monocytogenes at the amide I, amide II, and asymmetric and 
symmetric bending of methyl and methylene bands in the wavelength region 1700 to 
1300 cm-1. The changes observed at the absorption regions of phosphodiester backbones 
(P=O asymmetric stretches) at approximately 1242 cm-1 and approximately 1080 cm-1 
 113 
 
correlate with denaturation of DNA and RNA, respectively, while variations at 1200 to 
900 cm-1 are due to differences in C-O-C stretching vibrations as a result of denaturation 
of cell wall peptidoglycan layer (Goodacre and others 1996; Lin and others 2004). 
The intact and heat-killed cells of each L. monocytogenes EC were successfully separated 
by CVA analysis of FT-IR spectra (4000 to 600 cm-1) within the 95% confidence 
interval, and the generated two-dimensional graphical representation of the canonical 
score plot using the first two significant variates is shown in Figure 4a. The Mahalanobis 
distances obtained following the application of LDA are shown in Table 2. All sample 
spectra in the data set were 100% accurately classified into their respective groups in the 
cross validation analysis based on LDA. The results from the CVA analysis indicate that 
there exist differences between the heat-killed populations of each of the EC strains. 
However, a comparative analysis of the spectral region 1650 to 1390 cm-1 for dead (heat-
killed) versus live populations of all four strains of L. monocytogenes resulted in the 
separation of dead cells from live cells and the canonical score plot is shown in Figure 
4b. Thus, there exist similarities in the spectra collected from the heat-killed populations 
for the four EC strains. Differentiation of spectra collected for heat-killed populations 
from that of the intact cells can be achieved by targeting the wavenumbers where the 
prominently denatured biochemical constituents (proteins, nucleic acids, and 
peptidoglycan) absorb.   
Comparison of subtyping methods 
Although L. monocytogenes strains have been subtyped using a number of available 
phenotypic and genotypic subtyping methods, the intended application of subtyping 
would eventually determine the most suitable typing method. There is a shift from 
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phenotypic to genotypic subtyping techniques with the PULSE NET database using the 
PFGE as the approved gold standard for subtyping L. monocytogenes at the strain level 
(Ward and others 2008). PFGE and ribotyping are both based on the comparison of 
restriction digestion patterns obtained by using rarely cutting restriction enzymes to 
digest genomic DNA and the ribosomal RNA gene, respectively. The advantages of 
ribotyping are that it is automated and highly reproducible, but it lacks the capacity to 
discriminate between L. monocytogenes serotypes 1/2a and 4b strains, and inter-
laboratory comparisons could also be affected by gel-to-gel variations (Kabuki and others 
2004; De Cesare and others 2007b). PFGE is a highly discriminative gold standard 
method that can efficiently subtype strains belonging to serotype 4b, but PFGE is time 
consuming, requires skilled labor, and may show inter-laboratory variations with changes 
in experimental conditions (Murphy and others 2007; Jiang and others 2008). Multi-locus 
sequence typing (MLST) from which multi-virulence-locus sequence typing (MVLST) 
emerged is based on polymorphisms in DNA sequences of housekeeping or virulence 
genes. Although the MVLST method is accurate and provides insight into the 
evolutionary history of the organism, it predominantly targets virulence gene loci and 
could be less discriminatory. In this study, FT-IR spectroscopy was able to discriminate 
between L. monocytogenes EC strains that MVLST analysis classified as similar strains. 
Complete genomic DNA sequencing appears to be the ideal approach to subtype L. 
monocytogenes strains. The three genetic methods discussed here which have been used 
for L. monocytogenes epidemic clones subtyping are all more expensive and less rapid 
than FT-IR spectroscopy. In addition, FT-IR spectral features include genetic and 
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phenotypic characteristics, and the method possesses the ability to distinguish between 
dead and viable cells.  
The advantages of the FT-IR method include it being highly discriminatory and 
reproducible, and creating a reference library of epidemic clones of L. monocytogenes 
will make source tracking of the pathogen faster since spectra obtained from future 
outbreak strains can be compared to a reference library for their identity. It takes less than 
5 min to collect FT-IR spectra from a slide and the spectra can be processed within an 
hour. Starting with pure cultures, FT-IR spectroscopy enabled classification of L. 
monocytogenes serotype and haplotype within 18 h when the incubation time in a broth 
was reduced to 14 h (Davis and Mauer 2011). FT-IR is potentially less expensive, more 
rapid and will allow high throughput sample screening within a short time. Another 
advantage from using FT-IR is that specific wavelength regions can provide useful 
information on cell wall and membrane constituents, which can be used for serotyping.   
Conclusion 
FT-IR spectroscopy and multivariate statistical analysis was successfully applied to 
differentiate L. monocytogenes epidemic clones. This approach was able to point out 
strain differences within ECIII and ECIV, as well as discriminate intact from heat-killed 
populations of L. monocytogenes. FT-IR spectra collected in replicate experiments were 
100 % correctly assigned to their respective groups and this indicates the technique is 
highly reproducible. In epidemiological investigation and source tracking, where it is 
important to establish identical patterns in the L. monocytogenes strain isolated from 
many infected individuals and food samples, FT-IR can be used to speed up the process. 
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FT-IR is a more rapid and potentially less expensive method that can be used for strain 
differentiation, identification and comparison.  
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Figure 1: Representative first derivative transformation FT-IR spectra in the mid-infrared 
region (2500 – 600 cm-1) collected from Listeria monocytogenes epidemic clones III 
(FSL J1-101 and R2-499) and IV (J1-129and J1-220). 
Figure 2: Two-dimensional canonical score plot (4,000 – 600 cm-1) showing the 
discrimination of Listeria monocytogenes ECIII (J1-101 and R2-499) and ECIV (J1-129 
and J1-220). A total of 160 spectra from the four strains were included in the canonical 
variate analysis with 100 % spectral classification achieved. 
Figure 3: Comparison of first derivative transformation FT-IR spectra (2500 – 600 cm-1) 
from intact and heat-killed populations of Listeria monocytogenes ECIII (J1-101 and R2-
499) and ECIV (J1-129 and J1-220). The most prominently changed features in the heat-
killed populations were amide I (approximately1635 cm-1), methyl (approximately1452 
cm-1) and methylene (approximately1391 cm-1) of proteins.  
Figure 4a: Two-dimensional canonical score plot showing the separation of intact (J1-101 
[AL], J1-129 [BL], J1-220 [CL], R2-499 [DL]) from their corresponding heat-killed (J1-
101 [AD], J1-129 [BD], J1-220 [CD], and R2-499 [DD]) Listeria monocytogenes. A total 
of 320 spectra from the four strains were included in the canonical variate analysis with 
100 % spectral classification achieved. 
Figure 4b: Two-dimensional canonical score plot of FT-IR spectra (1650 – 1390 cm-1) 
showing the separation of intact (live) from dead (heat-killed) populations of Listeria 
monocytogenes. A total of 320 spectra from four strains (J1-101, R2-499, J1-129 and J1-
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Table 1: Mahalanobis distances between means of groups obtained from canonical 
variate analysis of FT-IR spectra (4,000 – 600 cm-1) of Listeria monocytogenes epidemic 
clones III and IV strains (J1-101, J1-129, J1-220, and R2-499). 
     Mahalanobis     Distances  
Strain   J1-101 J1-129 J1-220 R2-499 
 
J1-101  2.5x105 1.4x107 1.5x109 
J1-129   6.2 x 106 3.2x108 
J1-220        1.3x105 






















Table 2:Mahalanobis distances between means of groups obtained from canonical variate 
analysis of FT-IR spectra (4,000 – 600 cm-1) of intact and heat-killed (dead) Listeria 


















J1-101/dead  1.3 x107 2.5x109 1.8x108 8.3x107 7.5x106 1.7x109 9.9x1011 
J1-129/dead   2.2x109 8.4x106 1.4x108 3.1x107 2.0x109 1.0x1012 
J1-220 /dead    1.6x104 2.5x109 2.7x109 2.4x109 2.7x109 
R2-499/dead     1.73x108 4.5x107 2.0x109 1.0x1012 
J1-101/intact      4.5x107 3.9x108 7.8x1011 
J1-129/intact       1.5x108 9.8x1011 
J1-220/intact        1.5x1014 
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Figure 4a: Two-dimensional canonical score plot showing the separation of intact (J1-101 
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Chapter 4: Use of Fourier transform infrared spectroscopy and multivariate 
discriminant analysis for discrimination and identification of mixed strains, mixed 
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Fourier transform infrared (FT-IR) spectroscopy was used to differentiate mixed strains 
of Listeria monocytogenes and mixed species of Listeria (L. monocytogenes and L. 
innocua). FT-IR spectroscopy was also applied to test the hypothesis that heat-injured 
and acid-injured cells would return to their original physiological state following repair. 
Thin smears of cells on low-e slides were prepared from cultures for mixed strains: J1-
101 + R2-764, J1-101 + F5069, R2-764 + F5069; mixed species: F5069 + CWD987, R2-
764 + CWD987, J1-101 + CWD987; and each individual strain. Heat and acid injury was 
induced by exposing harvested cells (R2-764) to a temperature of 56 ± 0.2 oC for 10 min 
or lactic acid of pH 3 for 60 min, respectively. Cellular repair involved separately 
incubating aliquots of acid-injured and heat-injured cells in broth for 22-24 h, and 
bacterial thin smears on low-e slides were prepared for each treatment. FT-IR spectra 
were collected using 250 scans at a resolution of 4 cm-1 for wavelength 4000 to 400 cm-1. 
Three replicates of the experiments were conducted with 6 spectra collected from each 
slide. Application of the multivariate discriminant analysis (DA) in the wavelength region 
1800 to 900 cm-1 separated the different mixed strains from the individual strains with 
98.15% of the spectra accurately classified. The different mixed species were also 
separated from the individual strains with 92.06% accurate spectral classification. DA 
successfully differentiated mixed strains, mixed species, and individual strains. A data set 
for injury and repair treatments resulted in the separation of acid-injured, heat-injured, 
and intact cells; repaired cells clustered closer to intact cells with 93.33% accurate 
spectral classification. FT-IR spectroscopy can be used for rapid source tracking since it 
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can differentiate different mixed strains, mixed species, and individual strains of L. 


















Listeria monocytogenes is a foodborne pathogen (Swaminathan and Gerner-Smidt 2007)  
and the etiologic agent of listeriosis, an invasive illness characterized by septicemia, 
meningitis, and encephalitis in immunosuppressed individuals, and spontaneous abortion 
in pregnant women (Schlech 2000). A milder type of listeriosis is known to occur in 
healthy individuals with clinical manifestations including flu-like symptoms and 
gastroenteritis (Drevets and Bronze 2008; McLauchlin and others 2004). Annual 
prevalence of human listeriosis cases is reported to be between 0.2 and 1.0 per 100,000 
persons in Europe and the United States (Goulet and others 2008). Listeriosis is 
associated with 20 to 30% case fatality rate (Swaminathan and Gerner-Smidt 2007). The 
limit for L. monocytogenes in ready-to-eat foods regulated under the Food and Drug 
Administration (FDA) in the United States is 0 CFU/25 g of food sample (Gasanov and 
others ). The European Union microbiological criteria for foodstuffs has two regulatory 
policies for L. monocytogenes in ready-to-eat foods: a first that targets foods meant for 
consumption by infants and/or immunosuppressed individuals and foods that support 
growth of the pathogen, where the permitted limit for the pathogen is 0 CFU/25 g of 
food, and a second that targets foods meant for healthy individuals with a limit of 100 
CFU/25 g of food during its shelf life (Commission 2005; O'Connor and others 2010).  
The presence of the nonpathogenic Listeria species in foods is considered an indicator of 
potential contamination by L. monocytogenes since species under the genus Listeria are 
closely related (Gasanov and others 2005). L. monocytogenes is a genetically 
heterogeneous species (Ragon and others 2008) with strains exhibiting varied phenotypic 
characteristics (Orsi and others 2011). Investigations into the 2011 listeriosis outbreak 
linked to cantaloupe in the U.S. resulted in the identification of a new serotype 1/2a 
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outbreak strain and two new epidemic clones of L. monocytogenes (Lomonaco and others 
2013). Methods for rapid detection of single strains, mixed strains of L. monocytogenes, 
and also mixed species involving L. monocytogenes and the other species under the genus 
Listeria would be vital for real-time source tracking of the pathogen.  
Microbial detection may be hampered by sublethal injury which results from the 
exposure of cells to diverse stresses in foods or from processing environments, which 
may cause metabolic (Gilbert 1984) or structural injury (Ray 2001b) to cells, resulting in 
a temporary or permanent damage to some components of cells or loss of function in 
some organelles. Isolation of Listeria involves incubation of samples in selective 
enrichment media to increase the low numbers of cells that might be present in food or 
environmental samples (Bruhn and others 2005; Olsen and others 2005) and also to 
recover injured cells. Fourier transform infrared spectroscopy has been used for the 
differentiation of intact versus sonication-injured L. monocytogenes (Lin and others 
2004). Investigating whether the FT-IR spectrum collected from intact cells will be 
similar to that from cells that have repaired from different types of injury treatments 
would be important in applying the FT-IR method for the detection or source tracking of 
foodborne pathogens. 
Fourier transform infrared (FT-IR) spectroscopy is a rapid and noninvasive method with 
a potential for microbiological testing in the food industry (Timmins and others 1998). 
The spectral signal collected from a particular bacterial species using FT-IR spectroscopy 
is like a fingerprint which can be used to identify or differentiate that species from others 
(Gillie and others 2000). The FT-IR spectrum generated from a particular bacterial 
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species is a characteristic of the collective interacting vibrational modes of polar 
functional groups present in the biochemical constituents (fatty acid, nucleic acid, 
proteins, and polysaccharides) of cells of that species (Ellis and others 2002). 
Differentiation of FT-IR spectra collected from different microbial species is based on the 
use of appropriate multivariate statistical analysis (Lin and others 2004). FT-IR 
spectroscopy has been applied to discriminate Escherichia coli O157:H7 from 
nonpathogenic strains of E. coli (Yang 2002), and the method was successfully used to 
differentiate Staphylococcus aureus from other Staphylococcus species (Lamprell and 
others 2006). The specific aims of this study were to (i) investigate whether FT-IR 
spectroscopy could discriminate between different mixed strains of L. monocytogenes, 
and mixed species of different L. monocytogenes strains combined with an individual 
strain of L. innocua and; (ii) test the hypothesis that L. monocytogenes populations 
repaired from exposure to different injury treatments (acid and heat) would have FT-IR 
spectral pattern that are analogous to intact cells.  
Materials and methods 
Bacterial strains. L. monocytogenes strains FSL J1-101 (a serotype 1/2a human isolate 
from a 1988 sporadic case in the United States linked to turkey frank) and R2-764 (a 
serotype 4b outbreak strain isolated from turkey deli meat) obtained from the ILSI 
Listeria monocytogenes Strain Collection (Fugett and others 2006), F5069 (serotype 4b 
/ATCC 51414) obtained from the Centers for Disease Control and Prevention, Atlanta, 
GA, and Listeria innocua strain CWD987 (SW13-1) isolated from a diary plant 
environment in October 1994 were used for this study. The bacterial strains were stored 
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as frozen stock cultures at -70oC in separate sterile Microbank vials containing porous 
beads (Pro-Lab Diagnostics, Richmond Hill, Ontario).  
Bacterial sample preparation for mixed strain and mixed species differentiation. 
Contamination of a particular food by a mixed strain of L. monocytogenes or mixed 
species involving L. monocytogenes and any of the other species of the genus Listeria 
could occur since they are found in common environments and isolates are closely related 
(Gasanov and others 2005). Chromogenic Listeria media are capable of differentiating 
pathogenic Listeria species from nonpathogenic species on the basis of the concurrent 
detection of β-D-glucosidase and phosphatidylinositol-specific phospholipase C (PI-PLC) 
activities on chromogenic substrates incorporated into the media (Greenwood and others 
2005). Isolation of L. monocytogenes using selective plating, such as Oxford agar, 
involves a screening process for characteristic colonies (Kabuki and others 2004), which 
might prolong the time-to-result and omission of a second strain if there was a mixed 
strain contamination. We investigated whether FT-IR spectroscopy could distinguish 
between different mixed strains of L. monocytogenes, as well as mixed species involving 
different L. monocytogenes strains and L. innocua in a single analysis. Bacterial cultures 
were activated by transferring one of the porous beads from frozen stocks for each of the 
strains into separate 9 ml volumes of Trypticase  soy broth supplemented with 0.6% yeast 
extract (TSBYE) (Becton, Dickinson and Company, Sparks, MD) and incubated at 37oC 
for 18 to 20 h. Aliquots (1 ml) from the active cultures for each strain were serially 
diluted in Butterfield’s phosphate buffer (BPB) (Webber Scientific), with the 10-9 dilution 
for each bacterial strain prepared in aliquots (9 ml) of a commercially available 
pasteurized apple juice (Ernies Berry, Roslyn, NY). The tubes were thoroughly vortexed 
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and aliquots (l ml) from the artificially contaminated apple juice for each strain 
inoculated into separate tubes containing 9 ml of the FDA Listeria enrichment media, 
buffered Listeria enrichment broth (BLEB), and incubated at 37oC. The FDA protocol 
involves an enrichment of food samples in BLEB for 48 h, with acriflavin, nalidixic acid, 
and the antifungal cycloheximide added as selective agents following 4 h of incubation. 
Cell counts for inocula were obtained by plating on chromogenic Listeria agar (Oxoid 
Ltd, Basingstoke, England). Mixed strains preparations involved combinations of the L. 
monocytogenes strains: R2-764 + J1-101, J1-101 + F5069, and R2-764 + F5069; where 
inocula involved 0.5 ml aliquots from the prepared artificially contaminated apple juice 
for each strain into 9 ml aliquots of BLEB according to the strain combinations. Mixed 
species preparations involved inoculating 0.5 ml from the artificially contaminated apple 
juice for each of the L. monocytogenes strains into separate tubes containing 9 ml of 
BLEB, each already inoculated with 0.5 ml of apple juice artificially contaminated with 
the L. innocua strain and incubated at 37oC. Samples from each tube were taken at 48 h 
for serial dilution in BPB and cells were enumerated on chromogenic Listeria agar to 
obtain cell counts of L. innocua and L. monocytogenes strains. At 48 h, aliquots (1 ml) 
from cultures of individual strains, and mixed strains and species were centrifuged 
(MiniSpin plus eppendorf, Hamburg) at 6000 g for 10 min, the supernatant in each tube 
discarded, and the cells washed two times using BPB to remove the media matrix. The 
resultant cells in each tube were suspended in 100 µl of BPB, vortexed, and aliquots of 
10 µl of the cells suspensions transferred onto MirrRR low-e slides (Kevley 
Technologies, Chesterfield, Ohio) to prepare thin smears for each strain. Three replicates 
of the experiment were conducted.  
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Sample preparation for injury and repair studies. Different stresses in foods or from 
processing environments including sanitizers, innate and supplemental antimicrobials, 
and ecological competition may cause varying levels of sublethal injury to microbial cells 
(Busch and Donnelly 1992; Rowbury 2003). FT-IR spectroscopy has been used for the 
detection of sublethal heat injury in Salmonella enterica serotype Typhimurium and L. 
monocytogenes (Al-Qadiri and others 2008). We investigated whether FT-IR spectra 
collected from L. monocytogenes repaired from sublethal acid and thermal injury were 
analogous to that of intact, non-injured populations. L. monocytogenes intact cell 
preparation involved growth of strain R2-764 in 9 ml of TSBYE for 22 to 24 h, aliquots 
centrifuged and cells washed in BPB for thin smears preparation on low-e slides as 
described in the sample preparation for mixed strain and species differentiation. Lactic 
acid of pH approximately 3.0 was prepared from 1.2 g/ml stock (Acros Organics, NJ) 
with the pH confirmed using a pH meter (Accumet Research, AR15 pH meter, Fisher 
Scientific) and the solution filter-sterilized (pore size 0.45 µm; Fisher Scientific). 
Sublethal acid injury was induced in L. monocytogenes through the exposure of washed 
cells from the centrifugation step to 1 ml volume of lactic acid of pH approximately 3.0 
for 60 min. Injury was stopped by centrifuging the exposed cells for 10 min, the 
supernatant discarded, and the cells suspended in BPB (pH of approximately 7.2) and 
washed two times. Sublethal thermal injury in L. monocytogenes was achieved by 
inoculating washed cells from the centrifugation step into tubes containing 1 ml of BPB 
which were placed in a water bath (Precision Instruments, Des Plaines, IL) equilibrated to 
56 ± 0.2 oC (DiGi-Sense thermometer) and heated for 10 min. The tubes were 
immediately cooled on ice for 5 min, the cells centrifuged and the supernatant discarded. 
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Thin smears of cells on low-e slides were prepared from the resulting cells for the acid-
injured and heat-injured L. monocytogenes populations. Repaired cells preparations 
involved inoculation of aliquots (5 µl) from the 100 µl cells suspensions in BPB for acid-
injured and heat-injured L. monocytogenes into separate volumes of 9 ml of TSBYE and 
incubation for 22 to 24 h, after which aliquots (1 ml) of the cultures were centrifuged, the 
supernatant discarded, and the resultant cells used for thin smears preparation. All thin 
smears on low-e slides were prepared and dried for 2 h in a biosafety cabinet prior to FT-
IR spectral collection.   
FT-IR spectral collection. A Bruker Hyperion-3000 infrared microscope coupled with a 
Tensor T27 FT-IR spectrometer (Bruker Optics, Billerica, MA) was used for spectral 
collection. The detector of the FT-IR spectroscope was cooled with liquid nitrogen for 
approximately 20 min prior to spectral collection. FT-IR spectra from each of the 
prepared slides were collected at an average of 250 scans at a resolution of 4 cm-1 in the 
mid-infrared wavelength region (4000 to 400 cm-1) using a 15x infrared objective in 
reflectance mode at room temperature. A sample spectrum was obtained by collecting a 
background spectrum from a blank low-e slide and the background subtracted from a 
single-beam spectrum. Three independent replicates of the experiments were conducted, 
with 6 spectra collected from each of the slides, resulting in 18 spectra per treatment. 
FT-IR spectral preprocessing and multivariate statistical analysis. The FT-IR spectra 
were baseline corrected and normalized to compensate for variations in spectral signal 
that might be due to differences in sample concentration (Janbu and others 2008). First 
derivatives of the original FT-IR spectra were calculated in order to maximize 
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discriminant spectral features (Lin and others 2004). The preprocessed spectra were 
converted into ASCII format in the OPUS 7.0 software (Bruker optics). The JMP Pro 10 
statistical software (SAS Institute Inc., Cary, NC) was used for the data analysis. The 
multivariate discriminant analysis which is analogous to Principal component analysis 
(PCA) and has been applied to differentiate bacteria (Mouwen and others 2005) was used 
to analyze the preprocessed spectra. Data matrices were created for the preprocessed 
spectra of the bacterial strains or treatments for the wavenumber range 1800 to 900 cm-1 
for the discriminant analysis of mixed strains, mixed species and individual strains, as 
well as injury and repair analysis. Independent discriminant analyses were performed to 
separate mixed strains from individual strains, and also mixed species from individual 
strains prior to performing the discriminant analysis for mixed strains, mixed species and 
individual strains. The multivariate discriminant analysis involved applying a stepwise 
variable selection to reduce the multi-dimensionality of the data set into its most 
significant scores, such that the within group variance was reduced while the between 
group variance was maximized within 95% confidence interval (Kemsley 1998). The two 
most significant variates were used to create a canonical score plot, which is a two-
dimensional graphical representation that shows the separation of groups. The 
Mahalanobis distance (D) for two groups with mean vectors xi and xj, calculated as: D = 
((xi – xj) S-1(xi – xj)T)0.5, where S was the pooled estimate of the within group covariance 
matrix and T was the transpose (Kemsley 1998), was used for spectral classification. 
Unknown spectra were assigned to the group in the training set that had the shortest 
Mahalanobis distance to the unknown spectra. All spectra in the data set were classified 
using the leave-one-out approach (Holt and others 1995), where the identity of one 
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sample spectrum in the data set was left out and the discriminant analysis performed to 
calculate new canonical variates to classify the left out spectrum. The identity of the left 
out spectrum was replaced and the identity of the next spectrum removed and the 
discriminant analysis performed to classify the left out spectrum. This cross validation 
analysis was performed to classify each sample spectrum in the data set.  
Results 
            Differentiation of mixed strains and mixed species. Cell counts obtained after 48 h in 
BLEB were between 109 and 1010 CFU/ml for the individual strains of L. monocytogenes 
and the L. innocua. The cell counts obtained for the mixed strains were approximately 
1010 CFU/ml, whereas the mixed species counts ranged between 109 and 1010 CFU/ml at 
48 h. Table 1 contains the mean cell counts (log-transformed CFU/ml) obtained for the 
individual strains, mixed species, and mixed strains in BLEB at 48 h. Figure 1 is a 
representative first derivative FT-IR spectra collected from two individual L. 
monocytogenes strains and their composite spectra in the mid-infrared region (4000 to 
600 cm-1). A FT-IR spectrum is composed of absorption by polar functional groups found 
in biochemical constituents of cells at certain wavelengths; the noticeable vibrational 
peaks include O-H stretch of water (approximately 3400 cm-1); C-H asymmetric stretches 
of methyl (approximately 2960 cm-1) and methylene (approximately 2929 cm-1), C-H 
symmetric stretches of methyl (approximately 2875 cm-1) and methylene (approximately 
2850 cm-1), C=O stretching of esters (approximately 1740 cm-1) and asymmetric 
stretching vibrations of methyl and methylene representing absorption by fatty acids in 
the cell wall and cell membrane; C=O stretching (approximately 1650 cm-1, called amide 
I) and N-H deformation (approximately 1540 cm-1, called amide II), and symmetric and 
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asymmetric bending of methyl (approximately 1455 cm-1) and methylene (approximately 
1398 cm-1) of proteins in the wavelength region 1800 to 1300 cm-1; and the wavelength 
region 1300 to 900 cm-1, called the fingerprint region, which consists of P=O asymmetric 
and symmetric stretches of phosphodiester backbones of DNA (approximately 1242 cm-1) 
and RNA (approximately 1080 cm-1), and C-O-C stretching vibrations of polysaccharide 
constituents of the cell wall (Lin and others 2004; Lin and others 2005; Maquelin and 
others 2002).  
            Figure 1 shows FT-IR spectra for individual L. monocytogenes strains J1-101 and F5069 
and the composite spectra obtained for the two strains. The visually apparent differences 
between the spectra occur in two wavelength regions, 1800 to 1300 cm-1 and 1300 to 600 
cm-1. The wavelength region 1800 to 1300 cm-1 of the FT-IR spectrum collected for J1-
101 is visually different from that for F5069, indicating that there are differences between 
the entire protein compositions of the two strains. The composite spectrum for the two L. 
monocytogenes strains is visually different from that of the individual strains at the 
protein absorption region, indicating that the entire protein composition of the mixed 
strains is different from the individual strains. The FT-IR spectra for the individual strains 
and their composite spectra appear visually different from each other in the fingerprint 
region (1300 to 900 cm-1) as shown in Figure 1, indicating nucleic acids and cell wall 
peptidoglycan differences. Thus, the FT-IR spectra obtained for two different L. 
monocytogenes strains are different, and a composite spectrum collected for the two 
different strains is different from that for the individual strains. Therefore, the differences 
in biochemical constituents between individual strains, mixed strains, and mixed species 
are the basis for the discriminant analysis.    
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            The application of the discriminant analysis to the preprocessed spectra in the region 
1800 to 900 cm-1 resulted in the separation of the individual L. monocytogenes strains 
from the three different mixed strain combinations. Figure 2 is a two-dimensional 
canonical score plot showing the separation of the three different mixed strains from the 
individual strains of L. monocytogenes. The three mixed strains were differentiated, 
indicating the spectra from different mixed strains can be correctly identified. 
Differentiation of the FT-IR spectra is based on differences in the biochemical 
compositions of the individual strains and mixed strains and species. In the cross 
validation classification of spectra using the leave-one-out approach, 100% accurate 
classification was achieved for spectra of strains F5069 and R2-764, and mixed strains 
J1-101 + F5069 and R2-764 + J1-101, while 94.44% accurate spectral classification was 
achieved for J1-101 and R2-764 + F5069. Thus, 98.15% of the total spectra in the data 
set were accurately classified to their groups. Figure 3 is a two-dimensional canonical 
score plot showing the separation of different mixed species involving different strains of 
L. monocytogenes with a L. innocua strain from the individual strains in the discriminant 
analysis. The three different mixed species and the individual strains separated from each 
other in the discriminant analysis. Spectral classification using the leave-one-out 
approach resulted in 100% accurate spectral classification for strains F5069, R2-764, and 
mixed species J1-101+CWD987 and F5069+CWD987, while 88.89% accurate spectral 
classification was achieved for CWD987 and 77.78% achieved for strain J1-101 and 
mixed species R2-764 + CWD987, respectively. The total spectra in the data set 
accurately classified were 92.06%. Figure 4 is a two-dimensional canonical score plot 
showing the differentiation of mixed strains, mixed species, and individual strains of L. 
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monocytogenes and L. innocua. The discriminant analysis shows the spectral patterns 
obtained for each of the mixed strains, mixed species and individual strains were 
different, indicating that different mixed strains or mixed species or individual strains can 
be tracked using FT-IR spectroscopy and multivariate discriminant analysis.  
             Analysis of injury and repair in L. monocytogenes populations. Cell counts of 
approximately 10 log CFU/ml were obtained for the initial populations of strain R2-764, 
with approximately 6 log CFU/ml for heat injury and 6.95 log CFU/ml for the acid injury 
treatment on Trypticase soy agar supplemented with 0.6% yeast extract (TSAYE). Thus, 
approximately 4 log CFU/ml and approximately 3 log CFU/ml of cells were inactivated 
by the sublethal thermal and acid treatment, respectively. The FT-IR spectrum collected 
for L. monocytogenes sublethally injured by acid was visually different from that for 
heat-injured and intact populations. Figure 5 depicts a representative first derivative FT-
IR spectra comparing L. monocytogenes (R2-764) sublethally injured by acid and heat 
versus intact population. The visually prominent differences between the spectra for acid-
injured, heat-injured, and intact population of L. monocytogenes occurred in the regions 
of the amide I (approximately 1650 cm-1), amide II (approximately 1540 cm-1), and 
symmetric and asymmetric bending of methyl 
 
(approximately 1455 cm-1) and methylene  
(approximately 1398 cm-1) of proteins. The differences are mainly due to different effects 
of heat and acid on the protein composition of the cells. The spectrum for intact 
population is distinctly different from that of acid-injured and heat-injured population in 
the fingerprint region (1300 to 900 cm-1), indicating differences in the effects of heat and 
acidic pH on the nucleic acids and cell wall peptidoglycan layer of the cells.  
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            Figure 6 is a two-dimensional canonical plot for the discriminant analysis of intact versus 
acid- and heat-injured L. monocytogenes and their corresponding repaired populations. 
The intact cells and the acid- and heat-injured populations are far apart from each other as 
shown in Figure 6. However, following repair for 22 to 24 h in TSBYE, the spectra 
obtained for both injury treatments clustered closely to the intact population as shown in 
Figure 6. There was 100% accurate classification of spectra collected for heat-injured 
populations in the leave-one-out cross validation analysis. Accurate spectral classification 
of 94.44% was achieved for acid-injured and intact L. monocytogenes populations, 
whereas 100% and 77.78% accurate spectral classification was obtained for L. 
monocytogenes populations that had repaired from acid and heat injury, respectively. 
Thus, 93.33% of the total spectra were accurately classified to their respective groups in 
the cross validation analysis. This result validates the hypothesis that L. monocytogenes 
populations exposed to different sublethal injury treatments (acid and heat) return to their 
original physiological integrity following repair.  
Discussion  
            Current food regulations in the United States and other countries do not require food 
manufacturers to subtype L. monocytogenes isolates since the presence of any species of 
the genus Listeria is considered an indicator of the presence of the pathogenic L. 
monocytogenes (Gasanov and others 2005). The occurrence of many genetically or 
phenotypically diverse strains of L. monocytogenes (Orsi and others 2011; Ragon and 
others 2008) continues to pose detection and subtyping challenges to both food 
manufacturers and public health agencies. In this study, the simultaneous growth of L. 
innocua with each of the three different strains of L. monocytogenes for the mixed 
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species discriminant analysis did not result in L. innocua overshadowing any of the L. 
monocytogenes strains following 48 h of incubation in buffered Listeria enrichment broth 
(BLEB). It has been reported that there is reduced detectability of L. monocytogenes in 
the presence of L. innocua (Zitz and others 2011), whereas another report indicates that 
this phenomenon is strain-dependent because only some strains of L. monocytogenes get 
overshadowed by L. innocua when cultured together (Ana Carvalheira 2010).  
           The application of FT-IR spectroscopy and multivariate discriminant analysis successfully 
distinguished between the individual strains, the different mixed strains of L. 
monocytogenes, and the different mixed species consisting of different strains of L. 
monocytogenes cultured with a L. innocua strain. Thus, FT-IR spectroscopy is a highly 
discriminatory technique that can detect strain differences. The FT-IR spectroscopy and 
multivariate statistical analysis could successfully differentiate different mixed strains, 
indicating that composite spectra collected from two closely related strains of the same 
species (L. monocytogenes) are different from spectra from another two closely related 
strains of that species. The most interesting finding in this study is that FT-IR 
spectroscopy was capable of differentiating two different mixed strains of L. 
monocytogenes when one particular strain was combined with two other strains (for 
instance: J1-101 + F5069 versus R2-764 + J1-101). A similar result was obtained for the 
mixed species analysis involving different L. monocytogenes strains with a L. innocua 
strain in the mixed species discriminant analysis. There exist differences in the 
biochemical constitution of cells of the different strains of L. monocytogenes and L. 
innocua which can be differentiated using FTIR spectroscopy. Composite spectra for two 
different strains resulted in a spectrum that was statistically different from that of the 
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individual strains of L. monocytogenes. FT-IR spectroscopy has been used to identify 
Escherichia coli and Pseudomonas aeruginosa as pure and mixed cultures in bottled 
drinking water (Al-Qadiri and others 2006). 
            There was a difference between the FT-IR spectra collected for sublethal acid-injured and 
thermal-injured cells versus intact cells of L. monocytogenes (R2-764) in the discriminant 
analysis, and that confirms that FT-IR spectroscopy detects different types of injury in 
microbial cells. The effects of acid and heat injury treatments on the cell structure may 
impact the FT-IR spectral pattern of the pathogen, resulting in the misidentification of the 
spectra for the organism. Heat shock in L. monocytogenes is very ubiquitous and has been 
found to induce thermo-tolerance in the organism (Pagan and others 1997). Acidic pH 
stress may occur through the exposure of microorganisms to fermented or acidified foods 
(Abee and Wouters 1999) and acid washes used to decontaminate meat carcasses 
(Dickson 1994b), whereas alkaline pH stress may result from detergents and sanitizers, 
such as caustic soda or ammonium compounds, used for decontaminating processing 
environments and food contact surfaces (Taormina and Beuchat 2001). The most visually 
prominent changes in both sublethal acid-injured and thermal-injured L. monocytogenes 
FT-IR spectra were found in the protein absorption and the fingerprint regions. The 
spectrum for the acid-injured L. monocytogenes is visually different from that for the 
heat-injured population. Spectral differences in the wavenumber region 1800 to 1300 cm-
1
 correspond to denaturation of protein (Lin and others 2004), whereas differences in the 
wavelength region 1300 to 900 cm-1 correlate with denaturation of cellular nucleic acids, 
cell membrane and cell wall peptidoglycan constituents (Goodacre and others 1996). 
Differences in FT-IR spectra for acid-injured and heat-injured cells at wavelengths 
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approximately1242 cm-1 and approximately1080 cm-1 correspond to effects of the injury 
treatments on phosphodiester backbones of nucleic acids, while variations at 1200 - 900 
cm-1 are due to differences in C-O-C stretching vibrations of cell wall peptidoglycan 
layer (Lin and others 2004). Both sublethal thermal and acid injury have been found to 
induce inactivation of enzymes and disruption of protein structures, and could cause 
membrane damage (Mackey 2000b), ribosomal and RNA damage (Tolker-Nielsen and 
Molin 1996), and DNA damage (Mackey 2000b). Although the changes induced in the 
biochemical constituents of L. monocytogenes may occur as a consequence of injury 
caused by the exposure of cells to acid and heat treatments, cells return to their original 
integrity following repair as demonstrated using FT-IR spectroscopy.  
            Differentiation of L. monocytogenes strains using phenotypic subtyping methods are 
considered less sensitive, less discriminatory and difficult to reproduce, whereas 
genotypic methods have higher sensitivity, higher differentiation ability and 
reproducibility (Schukken 2003) . Pulse field gel electrophoresis (PFGE) is a restriction 
fragment length polymorphism (RFLP) technique which is highly discriminatory and 
considered the gold standard technique for subtyping L. monocytogenes during outbreaks 
(Lorber 2007). However, most genotypic typing methods have protracted time-to-results, 
and might slow down rapid tracking of foodborne pathogens. The disadvantages of using 
PFGE include it being laborious, time consuming and requiring skilled labor, specialized 
equipment and expensive restriction enzymes (Murphy and others 2007). Random 
amplified polymorphic DNA (RAPD) is a PCR-based technique that uses arbitrary 
sequences as single primers to target random genomic sequence to generate a genetic 
profile, but it is considered less discriminatory (Jeyaletchumi 2010). Amplified fragment 
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length polymorphism (AFLP), which is based on genomic DNA digestion using two 
restriction enzymes and fragments amplification by PCR followed by capillary gel 
electrophoresis (Parisi and others 2010) has been shown to be less discriminatory, but 
was found to have comparable discriminatory capacity with  PFGE for L. monocytogenes 
subtyping when AFLPII based on HindIII and Hhal was used (Lomonaco and others 
2011). However, AFLP is based on three methods and might take longer time to obtain 
results. Multilocus sequence typing (MLST) is an expensive method that failed to 
discriminate ECII isolates from two different outbreaks in the U.S. that were 
differentiated using PFGE (Chen and others 2007). Although multiplex PCR has been 
developed to simultaneously detect multiple foodborne pathogens (Alarcon and others 
2004), we show here that FT-IR spectroscopy is highly discriminatory and can 
differentiate different mixed strains of L. monocytogenes as well as mixed species. FT-IR 
is a rapid method and it is less expensive compared to the DNA-based subtyping 
methods. FT-IR spectral wavelengths between 1700 to 750 cm-1 have been used to 
differentiate between serotypes 1/2a, 4b, 1/2b and 4c, and there was concordance 
between FT-IR spectroscopy and multilocus genotyping (MLGT) when applied for 
typing of L. monocytogenes  at the haplotype level (Davis and Mauer 2011).  
In conclusion, FT-IR spectroscopy successfully discriminated individual strains, different 
mixed strains and mixed species of Listeria. The method allows high throughput 
screening of samples, spectral patterns are reproducible, the analysis is very rapid, and 
the technique is relatively less expensive than DNA-based subtyping methods. We also 
found that acid and heat injury affects FT-IR spectra from L. monocytogenes but cells 
regain their integrity following repair. FT-IR spectroscopy can be used for L. 
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monocytogenes strain differentiation and source tracking on its own or as a 
complementary method to DNA-based subtyping methods by food manufacturers and 
public health agencies to enable rapid response and intervention during listeriosis 
outbreaks.   
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Figure 1: Representative first derivative transformation FT-IR spectra in the mid-infrared 
region (4,000 – 600 cm-1) collected from Listeria monocytogenes strains J1-101, F5069 
and their composite (J1-101+F5069).  
Figure 2: Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of Listeria monocytogenes individual strains 
(J1-101, F5069, R2-764) and mixed strains (J1-101+F5069 [J1,F5], R2-764+F5069 
[R2,F5], R2-764+J1-101 [R2,J1]). A total of 108 spectra were included in the 
discriminant analysis with 98.15% accurate spectral classification achieved. 
Figure 3: Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of Listeria monocytogenes and L. innocua 
individual strains (J1-101, F5069, R2-764 and CWD987) and mixed species (J1-
101+CWD987 [J1,Li], R2-764+CWD987 [R2,Li], F5069+CWD987 [F5,Li]). A total of 
126 spectra were included in the discriminant analysis with 92.06% accurate spectral 
classification achieved. 
Figure 4: Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of individual strains (J1-101, F5069, R2-764 
and CWD987), mixed strains (J1-101+F5069 [J1,F5], R2-764+F5069 [R2,F5], R2-
764+J1-101 [R2,J1]) and mixed species (J1-101+CWD987 [J1,Li], R2-764+CWD987 
[R2,Li], F5069+CWD987 [F5,Li]) involving Listeria monocytogenes and L. innocua. 
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Figure 5: Representative first derivative transformation FT-IR spectra in the wavelength 
region 2,000 – 600 cm-1 showing variations between heat-injured (A), acid-injured (B) 
and intact (C) Listeria monocytogenes (R2-764). Variations are due to differences in 
amide I (approximately1650 cm-1), amide II (approximately1540 cm-1), methyl (1455 cm-
1), and methylene (approximately1398 cm-1) of proteins denaturation; and nucleic acids 
and peptidoglycan layer of cell wall denaturation in the region 1,300 - 900 cm-1.  
Figure 6: Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of acid-injured, heat-injured, intact, and 
repaired populations for acid- and heat-injured Listeria monocytogenes (R2-764). A total 
















Table 1: Cell counts obtained for Listeria monocytogenes and L. innocua strains 
following 48 h of incubation in buffered Listeria enrichment broth (BLEB) individually, 
and in a mixed strains or mixed species.                        
                      Cell Counts (mean ± SEM, log CFU/ml)                
Individual Strains                  
J1-101                                                      9.65 ± 0.51 
F5069                                                      9.77 ± 0.38                            
R2-764                                                     9.88 ± 0.32 
CWD987                                                 9.78 ± 0.61b 
Mixed Strains 
J1-101; F5069                                        10.03 ± 0.55 
J1-101; R2-764                                       10.41 ± 0.39 
F5069; R2-764                                         9.97 ± 0.23 
Mixed Species 
J1-101; CWD987                                    9.40 ± 0.35                                     9.60 ± 0.33b 
F5069; CWD987                                     9.56 ± 0.19                                     9.71 ± 0.38b 




a Broths were inoculated with approximately 10 CFU/ml of cells. 
   b
 Cell counts of Listeria innocua (CWD987) in mixed species cultures with  















Figure 1: Representative first derivative transformation FT-IR spectra in the mid-    
infrared region (4,000 – 600 cm-1) collected from Listeria monocytogenes strains J1-101, 










































              
Figure 2:Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of 
(J1-101, F5069, R2-764) and mixed strains (J1
[R2,F5], R2-764+J1-101 [R2,J1]). A total of 108 spectra were included in the 
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Figure 3:Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of 
individual strains (J1-101, F5069, R2
101+CWD987 [J1,Li], R2






                              
Listeria monocytogenes
-764 and CWD987) and mixed species (J1
-764+CWD987 [R2,Li], F5069+CWD987 [F5,Li]). A total of 
 




                    
Figure 4:Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of individual strains (J1
and CWD987), mixed strains (J1
764+J1-101 [R2,J1] and mixed species (J1








-101+F5069 [J1,F5], R2-764+F5069 [R2,F5], R2
-101+CWD987 [J1,Li], R2









                
Figure 5: Representative first derivative transformation FT-IR spectra in the wavelength 
region 2,000 – 600 cm-1 showing variations between heat-injured (A), acid-injured (B) 
and intact (C) Listeria monocytogenes (R2-764). Variations are due to differences in 
amide I (approximately1650 cm-1), amide II (approximately1540 cm-1), methyl (1455 cm-
1), and methylene (approximately1398 cm-1) of proteins denaturation; and nucleic acids 






























































                                           
               
Figure 6:Two-dimensional canonical score plot obtained from discriminant analysis 
(1,800 – 900 cm-1) showing the separation of acid
repaired populations for acid
of 90 spectra were included in the discriminant analysis with 93.33% accurate spectral 
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-injured, heat-injured, intact, and 
- and heat-injured Listeria monocytogenes (R2
                             
                        
                          
 





Chapter 5: Conclusions and Future Directions 
Delivery of selective agents to an enrichment medium and injury to bacterial cells are two 
vital factors that impact the successful isolation of Listeria from foods or food processing 
environments. The findings in this study validate the hypothesis that delayed addition of 
the selective agents to enrichment broth improves the recovery of injured Listeria cells. 
The Listeria cell populations achieved in the modified Listeria recovery broth with the 
selective agents incorporated into time-delayed release tablet format (mLRBTD) were 
similar to the levels achieved in the broths with the selective agents delivered manually 
(mLRBM6) or through the auto-mix tablet format (mLRBA6) at 24 h of incubation, 
indicating that the time-delayed release tablet system of selective agents delivery works. 
Assessment of the performance characteristics of the mLRBTD revealed that cell 
populations achieved in the broth for inocula consisting of acid- or nitrite-injured Listeria 
(four-strain cocktail) were significantly higher for artificially contaminated meat than for 
artificially contaminated milk samples, indicating food matrices, and/or interactions 
between food matrices and components of enrichment media could inhibit or stimulate 
growth of Listeria in a selective enrichment medium. 
Fourier transform infrared (FT-IR) spectroscopy in the mid-infrared region (4000 to 600 
cm-1) and multivariate statistical methods was successfully applied to discriminate L. 
monocytogenes epidemic clones (ECs) defined based on multi-virulence-locus sequence 
typing (MVLST), with all spectra (100%) accurately classified. The FT-IR spectroscopy 
method, which is based on spectral differences between the biochemical compositions 
(fatty acids, proteins, nucleic acids, and polysaccharides) found in the cells of the EC 
strains, could successfully discriminate strains belonging to the same epidemic clone 
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(ECIII or ECIV). FT-IR spectroscopy was also capable of distinguishing between viable 
populations of each EC from their corresponding heat-killed (dead) populations, and 
wavenumbers from 1650 to 1390 cm-1 were used to separate live (viable) populations 
compared with heat-killed populations of the ECs. These findings indicate that FT-IR is a 
highly discriminatory and reproducible technique that can be used for strain typing or 
identification, and can be used for testing of the pathogen.  
FT-IR spectroscopy and multivariate statistical analysis was also successfully used for 
the discrimination and identification of different mixed strains, different mixed species, 
and individual strains, with between 90 to 100% spectral classification accuracy 
achieved. Co-culturing of mixed strains of Listeria which might be present in a food 
sample could result in one strain overshadowing others, and the dependence on selecting 
a characteristic colony of L. monocytogenes through screening on agar plate could result 
in the omission of one of the strains. FT-IR spectra in the wavelength region 1800 to 900 
cm-1 from two different mixed strains having one strain in common (J1-101 + F5069 and 
J1-101 + R2-764) were successfully discriminated. The FT-IR spectroscopy technique 
could distinguish heat-injured from acid-injured and intact populations of Listeria; and 
showed that spectra from populations repaired from acid or heat injury would be 
analogous to that of the original intact population of Listeria. FT-IR spectroscopy is a 
great technique that can be used for rapid source tracking of individual, mixed strains, or 
mixed species contamination of food, and also for studying the microbial structure and 
effects of different stresses and inactivation treatments on foodborne pathogens. 
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There are still more work to be done on Listeria selective enrichment media based on the 
knowledge that L. monocytogenes could be outcompeted by the other Listeria species 
when co-cultured; and also L. monocytogenes lineage I strains, which are predominantly 
isolated from human clinical listeriosis cases and are extremely virulent, are outcompeted 
by lineage II strains, which are mostly food isolates with majority exhibiting reduced-
virulence efficiency. Selective enrichment media can be optimized to enhance the 
isolation of virulent L. monocytogenes and the other pathogenic Listeria species by 
incorporating cofactors that stimulates the PrfA protein, which up-regulates virulence 
genes for survival in a medium. Thus, a medium that mimics the immune system 
environment of a pathogenic Listeria host (mouse model) and would stymie the growth 
of non-pathogenic or attenuated-virulent Listeria strains, making it possible for only 
pathogenic Listeria to grow, with incorporation of Prfa-stimulating cofactors would lead 
to proliferation of pathogenic Listeria strains over non-pathogenic Listeria strains. Also, 
it is obvious from the performance characteristics of mLRBTD based on artificially 
contaminated milk and meat samples that different food matrices and/or interactions 
involving different food matrices with components in a selective enrichment medium 
would stymie or stimulate the growth of L. monocytogenes.  Thus, one selective 
enrichment medium might not work for the isolation of L. monocytogenes from different 
foods. Selective enrichment media for isolation of the pathogen from specific foods 
should be the way forward. 
Based on this study and other studies reported in the literature, FT-IR spectroscopy is a 
highly discriminatory method and more work must be done to compare it with molecular 
genotypic methods. The detection limit of FT-IR spectroscopy has been reported to be 
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between 103 and 104 CFU/ml, but with advancement in the technology involving micro-
spectroscopy with higher magnification objectives, a new detection limit has to be 
established. FT-IR spectral databases or libraries must be built for major foodborne 
pathogens based on multivariate statistical analysis or artificial neural network (ANN) 
algorithms to enable rapid comparison and identification of strains. Also, FT-IR 
spectroscopy has not being extensively used to study bacterial stresses from irradiation 
and high pressure processing, and although there have been few studies that have used 
the technique to characterize food spoilage, contamination of foods with different 
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